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ABSTRACT
The e f f e c t  o f  m ach ine  f a i l u r e s  on t h e  p e r f o r m a n c e  o f  s c h e d u l i n g  
p r o c e d u r e s  i s  i n v e s t i g a t e d  by s i m u l a t i n g  a t e n  m ach ine  dynamic Job shop .  
F iv e  s c h e d u l i n g  r u l e s  a r e  combined w i t h  t h r e e  f a i l u r e  d i s t r i b u t i o n s .
The s c h e d u l i n g  p r o c e d u r e s  employed a r e :  f i r s t  i n  t h e  s y s t e m ,
f i r s t  s e r v e d ;  f i r s t  come, f i r s t  s e r v e d ;  s h o r t e s t  i r a n in e n t  o p e r a t i o n ;  
dynamic s l a c k ;  and s t a t i c  s l a c k .  The f i r s t  and second  p r o c e d u r e s  a r e  
a r r i v a l  o r d e r  r u l e s ,  th e  t h i r d ,  a job  p r o p e r t y  r u l e  w h i l e  the  l a s t  two 
em phas ize  job  l a t e n e s s .
Time I n t e r v a l s  b e tw een  machine  f a i l u r e s  a r e  g e n e r a t e d  from t h r e e  
p r o b a b i l i t y  d e n s i t y  f u n c t i o n s .  An e x p o n e n t i a l  d i s t r i b u t i o n  I s  u s e d  to  
r e p r e s e n t  f a i l u r e  p a t t e r n s  o f  m ach ines  w i t h  a v a r i e t y  o f  moving p a r t s  
t h a t  f a l l  i n  a random m anner .  Machine f a i l u r e  d i s t r i b u t i o n s  w i t h  
v a r i a n c e s  g r e a t e r  t h a n  and l e s s  t h a n  an e x p o n e n t i a l  a r e  c h a r a c t e r i z e d  by 
a h y p e r - e x p o n e n t i a l  and E r l a n g  d i s t r i b u t i o n ,  r e s p e c t i v e l y .  A d d i t i o n a l l y ,  
t o  s e r v e  a s  a s t a n d a r d ,  th e  shop i s  o p e r a t e d  w i t h  no machine  f a i l u r e s .
S e q u e n c in g  p r o c e d u r e s  and th e  e f f e c t  o f  machine  f a i l u r e s  a r e  
e v a l u a t e d  on th e  b a s i s  o f  n i n e  m e asu re s  of  p e r f o r m a n c e .  The mean and 
s t a n d a r d  d e v i a t i o n  o f  job  f low  t i m e ,  l a t e n e s s  and t a r d i n e s s  a r e  u s e d  
t o  measure  job  c h a r a c t e r i s t i c s .  Shop c h a r a c t e r i s t i c s  a r e  m easured  by 
t h e  a v e r a g e  number o f  j o b s  i n  t h e  sh o p ,  th e  a v e r a g e  sum o f  co m p le ted  
work f o r  j o b s  i n  t h e  sh o p ,  and machine  u t i l i z a t i o n .
Data f o r  e ach  p e r fo rm an c e  m easure  a r e  a n a l y z e d  t o  f u l f i l l  th e  
m a jo r  o b j e c t i v e  of  t h i s  r e g e a r c h - - t o  d e t e c t  s t a t i s t i c a l l y  s i g n i f i c a n t
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d i f f e r e n c e s  among, and i n t e r a c t i o n s  b e tw ee n ,  t h e  s c h e d u l i n g  p r o c e d u r e s  
and t im e  be tw een  machine  f a i l u r e  d i s t r i b u t i o n s .  A s e c o n d a r y  o b j e c t i v e  
i s  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  d i f f e r e n t  i n t e r a r r i v a l  and s e r v i c e  t im e  
d i s t r i b u t i o n s  on th e  p e r fo rm a n c e  m e a s u r e s .
I s s u e s  to  be r e s o l v e d  b e f o r e  t h e  e x p e r i m e n t s  c o u ld  b e g i n  
i n c l u d e d  model v a l i d a t i o n ,  s y s t e m  e q u i l l b r u m ,  d a t a  c o l l e c t i o n  p r o c e d u r e s ,  
sample  s i z e ,  and th e  v a l u e s  o f  s e v e r a l  model p a r a m e t e r s .  D e c i s i o n s  were  
based  on a n a l y t i c a l  p r o c e d u r e s  and t h e  r e s u l t s  o f  p i l o t  e x p e r i m e n t s .
A f u l l  f a c t o r i a l  5 x 3 x 3 x 4 e x p e r i m e n t a l  d e s i g n  i s  em ployed .
The f i v e  l e v e l s  o f  t h e  f i r s t  f a c t o r  ( s c h e d u l i n g  p r o c e d u r e )  and f o u r
l e v e l s  of  th e  f o u r t h  f a c t o r  (m ach ine  f a i l u r e  d i s t r i b u t i o n )  a r e  d i s c u s s e d
a b o v e .  An e x p o n e n t i a l ,  E r l a n g ,  and u n i f o r m  d i s t r i b u t i o n  a r e  l e v e l s  o f  
t h e  second  and t h i r d  f a c t o r s ,  i n t e r a r r i v a l  and s e r v i c e  t im e  d i s t r i b u t i o n s ,  
r e s p e c t i v e l y .
A n a l y s i s  of  v a r i a n c e ,  g r a p h s ,  and D u n c an ' s  new m u l t i p l e  r a n g e  
t e s t  a r e  t h e  methods  u sed  t o  a n a l y z e  t h e  r e s u l t s  o f  th e  e x p e r i m e n t s .
Data  from t h e  e x p e r i m e n t s  were  s t a t i s t i c a l l y  t e s t e d  t o  d e t e r m i n e  how 
w e l l  t h e  a s s u m p t i o n s  o f  the  a n a l y s i s  o f  v a r i a n c e  a r e  f u l f i l l e d .  The 
a n a l y s i s  y i e l d e d  th e  f o l l o w i n g  c o n c l u s i o n s :
1. A l l  main  e f f e c t s  a r e  s i g n i f i c a n t  f o r  a l l  p e r fo rm a n c e  m e a s u r e s .
2.  S i g n i f i c a n t  two f a c t o r  i n t e r a c t i o n s  a r e ;
a .  S c h e d u l i n g  r u l e  and i n t e r a r r i v a l  t ime  d i s t r i b u t i o n  f o r  th e
s t a n d a r d  d e v i a t i o n s  o f  f low t i m e ,  and l a t e n e s s .
b .  S c h e d u l i n g  r u l e  and s e r v i c e  t im e  d i s t r i b u t i o n  f o r  a l l  p e r f o r m ­
a n c e  m e asu re s  e x c e p t  machine  u t i l i z a t i o n .
c .  S c h e d u l i n g  r u l e  and t im e  b e tw een  breakdown d i s t r i b u t i o n  f o r  
t h e  s t a n d a r d  d e v i a t i o n s  o f  f low t im e  and l a t e n e s s ,  and  mean
t a r d i n e s s .
d.  I n t e r a r r i v a l  and s e r v i c e  time d i s t r i b u t i o n s  f o r  the standard  
d e v i a t i o n s  o f  f low  t im e ,  l a t e n e s s  and t a r d i n e s s .
e .  S e r v i c e  time and time between breakdown d i s t r i b u t o n s  f o r  the  
in v e n t o ry  by c o n te n t  measure.
No th ree  or four f a c t o r  i n t e r a c t i o n s  are s i g n i f i c a n t .
The c o n d i t i o n  o f  no machine f a i l u r e s  appears to  be the  c a su a l  l e v e l
of  the breakdown f a c t o r  in  the s c h e d u l in g  r u l e  and time between  
breakdown d i s t r i b u t i o n  i n t e r a c t i o n .  For the  s tandard d e v i a t i o n  o f  
f low  time and l a t e n e s s ,  the a r r i v a l  order  r u l e s  are  i n d i c a t e d  as  the
key l e v e l s  o f  the s c h e d u l i n g  r u le  f a c t o r .
The com bination  of  s h o r t e s t  imminent o p e r a t i o n  and e x p o n e n t ia l  
s e r v i c e  time i s  the source  o f  the s c h e d u l i n g  r u l e  and s e r v i c e  time  
d i s t r i b u t i o n  i n t e r a c t i o n .
Performance of  each s c h e d u l i n g  procedure under the  c o n d i t i o n  o f  no 
machine f a i l u r e s  i s  c o n s i s t e n t l y  d i f f e r e n t  from c o n d i t i o n s  o f  machine  
breakdowns.
CHAPTER I
INTRODUCTION
E x t e n s i v e  r e se a rc h  has  fo c u se d  on the s t u d y  o f  job shop produc­
t i o n  sy s te m s .  F r e q u e n t ly ,  s i m u l a t i o n  models have been employed to  
i n v e s t i g a t e  the  e f f e c t  of d i f f e r e n t  s c h e d u l in g  r u l e s  on s e v e r a l  measures  
of  shop performance.  While much work has been done,  th e r e  appears  to  
be a gap between r e se a rc h  r e s u l t s  and a p p l i c a t i o n  o f  th o se  r e s u l t s .
As one rev iew er  o f  the l i t e r a t u r e  s u g g e s t s ,  r e s e a r c h  i n  the  f i e l d  o f  
s c h e d u l in g  th eory  has been o f  l i t t l e  use  to  i n d u s t r y .*  This  may be an 
o v e r s t a t e m e n t .  However, i t  i n d i c a t e s  t h a t  a d i s c o n t i n u i t y  may e x i s t  
between t h e o r e t i c a l  developments  and the  n a ture  o f  p r a c t i c a l  problems.
Statement o f  the  Problem
One apparent  rea so n  f o r  t h i s  d i s c o n t i n u i t y  r e s t s  in  some o f  the  
assumptions  which f a c i l i t a t e  r e s e a r c h  but d e t r a c t  from the r e a l i s m  o f  
the problem under s t u d y .  I f  the  gap between s c h e d u l in g  r e s e a r c h  and 
a p p l i c a t i o n  i s  to  be narrowed, some o f  th e s e  assum ptions  must be system ­
a t i c a l l y  r e l a x e d .
One assumption th a t  i s  o f t e n  made i s  th a t  machines  are  c o n t i n u ­
o u s l y  a v a i l a b l e  f o r  work. A l t e r n a t e l y  s t a t e d ,  i t  i s  assumed th a t  machines  
never  breakdown. O b v io u s ly ,  t h i s  i s  a c o n d i t i o n  t h a t  i s  se ldom , i f  e v e r ,
*J . N. D. G u p ta ,  "M-Stage S c h e d u l i n g  F rob lem --A  C r i t i c a l  A p p r a i s a l , "  
I n t e r n a t i o n a l  J o u r n a l  o f  P r o d u c t i o n  R e s e a r c h .  19 ( 1 9 7 1 ) :  2 6 7 - 2 8 1 .
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2found In a c t u a l  s c h e d u l in g  problem s.  The main o b j e c t i v e  o f  t h i s  r e s e a r c h ,  
t h e r e f o r e ,  i s  to  i n v e s t i g a t e  the e f f e c t  o f  machine f a i l u r e s  on the p e r ­
formance o f  s c h e d u l in g  r u l e s  in  a job shop. S p e c i f i c a l l y ,  t h i s  i n v e s t i ­
g a t i o n  f o c u s e s  on the impact o f  th ree  machine f a i l u r e  p a t t e r n s  on f i v e  
s c h e d u l in g  p r o c ed u r es .  This  i s  accom plished  by s i m u l a t i n g  s c h e d u l in g  
proced u res  and machine f a i l u r e s  in  a t e n  machine dynamic job shop.
A secondary o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  to  I n v e s t i g a t e  the 
e f f e c t  o f  d i f f e r e n t  i n t e r a r r i v a l  and s e r v i c e  time d i s t r i b u t i o n s  on meas­
u res  o f  shop perform ance .  A f i n a l  minor o b j e c t i v e  i s  to  d e v e lo p  a gen era l  
s i m u l a t i o n  model t o  be used in  fu tu r e  r e s e a r c h .
S i g n i f i c a n c e  o f  th e  Study
The impact o f  machine f a i l u r e s  on s c h e d u l in g  r u l e  performance  
i s  bound to  be o f  i n t e r e s t  to  th o se  in v o lv ed  in  s c h e d u l in g  problems.
I f  i t  i s  known t h a t  p a r t i c u l a r  f a i l u r e  p a t t e r n s  a d v e r s e l y  a f f e c t  c e r t a i n  
s c h e d u l in g  r u l e s ,  then t h e s e  r u l e s  may be a v o id e d ,  or m o d i f i e d ,  to  f i t  
the s i t u a t i o n .
C o n v e r se ly ,  i f  machine f a i l u r e s  have l i t t l e  or no e f f e c t  on the  
s c h e d u l in g  p r o c e d u r e s ,  the  s e l e c t i o n  o f  a r u l e  can be based on o th er  
c r i t e r i a  o f  i n t e r e s t .  In  e i t h e r  c a s e ,  knowledge about how machine  
breakdowns and s c h e d u l in g  r u l e s  i n t e r a c t  w i l l  a t  l e a s t  p rov id e  a s t e p  
toward narrowing the  gap between s c h e d u l in g  r e s e a r c h  and the a p p l i c a t i o n  
o f  t h a t  r e s e a r c h .
tar ions
The r e s u l t s  o f  t h i s  r e s e a r c h  w i l l  be l i m i t e d  f o r  s e v e r a l  r e a s o n s .  
F i r s t ,  the  model s e l e c t e d  fo r  t h i s  s tud y  i s  not  r e p r e s e n t a t i v e  o f  a l l  
s c h e d u l in g  problems. T h e r e fo r e ,  g e n e r a l i z a t i o n  o f  the r e s u l t s  are
3l i m i t e d  to  the c o n f i g u r a t i o n  s e l e c t e d .
A second l i m i t a t i o n  r e s t s  in  the assum ptions  employed in  t h i s  
r e s e a r c h .  As in  p r e v io u s  r e s e a r c h ,  assu m ptions  are  n e c e s s a r i l y  made 
to  keep the problem manageable .  O b v io u s ly ,  th e s e  assumptions  d e t r a c t  
from the r e a l i s m  of  the a tudy .  However, as  ment ioned above,  s i m p l i f y i n g  
assumptions  must be s y s t e m a t i c a l l y  r e la x e d  i f  p r o g r es s  i s  to  be made. 
T h e re fo r e ,  t h i s  s tudy  w i l l  focus  on the e f f e c t  o f  r e l a x i n g  one such 
assumpt i o n .
Research Procedure  
A d e t a i l e d  account  of  the methodology employed in t h i s  r e se a rc h  
i s  p resented  in  Chapters I I  and I I I .  However, a t  t h i s  p o in t  a b r i e f  
d e s c r i p t i o n  o f  the procedures  used w i l l  provide  an o r i e n t a t i o n  fo r  
v ie w in g  t h i s  s tu d y .  F i r s t ,  the l i t e r a t u r e  on job shop s c h e d u l in g  was 
rev iew ed .  S p e c i f i c a l l y ,  t h i s  r ev iew  c e n t e r e d  on the l i t e r a t u r e  p e r t a i n ­
ing to  s i m u l a t i o n  s t u d i e s  o f  dynamic job shops .
Second,  a workable s i m u l a t i o n  model was d ev e lo p ed .  To accomplish  
t h i s  a computer program r e p r e s e n t i n g  a ten  machine dynamic shop was 
w r i t t e n  and v a l i d a t e d .  N e x t ,  s e v e r a l  i s s u e s  were r e s o l v e d  b e fo r e  co n ­
d u ct in g  the e x p e r im en ts .  P i l o t  exper im ents  were ex ecu ted  to  determine  
when and how data should  be c o l l e c t e d  during the s i m u l a t i o n .  A d d i t i o n a l l y ,  
runs were made to  e s t i m a t e  the v a r i a b i l i t y  o f  the performance measures .
This  in form at ion  was used to  determ ine  the  sample s i z e  n e c e s s a r y  to  g iv e  
a s p e c i f i e d  l e v e l  o f  p r e c i s i o n .
At t h i s  p o i n t ,  an a d d i t i o n a l  comment i s  in  o r d e r .  There i s  no 
uniform s e t  of  d e f i n i t i o n s  used in  the l i t e r a t u r e  o f  Job shop s c h e d u l in g .  
T h e r e fo r e ,  a g l o s s a r y  i s  provided in  which important  terms are d e f i n e d .
4These d e f i n i t i o n s  w i l l  i n d i c a t e  che meaning o f  terms as they  are used  
in  t h i s  r e s e a r c h .
P r e s e n t a t i o n  o f  the Research  
The p r e s e n t a t i o n  o f  t h i s  r e s e a r c h  i s  d iv i d e d  i n t o  f i v e  c h a p t e r s .  
In t h i s  ch ap ter  the purpose o f  the d i s s e r t a t i o n  has been s t a t e d .  A 
rev iew  of  pas t  r esea rch  on s i m u l a t i o n  s t u d i e s  o f  dynamic job shops i s  
p resen ted  in  Chapter I I ,  "Research on S im ulated  Dynamic Job Shops."  
Chapter I I I ,  "Research M ethodology ,"  c o n t a i n s  a d i s c u s s i o n  o f  the gen era l  
dynamic job shop model,  the f i n a l  ex p er im en ta l  d e s i g n ,  and the methods 
of  data c o l l e c t i o n .  The methods used to  a n a ly z e  data c o l l e c t e d  and 
the r e s u l t s  o f  the a n a l y s i s  are p r e se n ted  in  Chapter IV, "A na lys is  o f  
Experimental R e s u l t s . "  In Chapter V, "Conclus ions  and Recommendations,"  
the i n t e r p r e t a t i o n  o f  exper im en ta l  r e s u l t s ,  c o n c l u s i o n s  reached ,  and 
recommendations fo r  fu tu r e  r e se a rc h  are  p r e s e n t e d .
CHAPTER I I
RESEARCH ON SIMULATED DYNAMIC JOB SHOPS
The l i t e r a t u r e  o f  Job shop s c h e d u l i n g  i s  e x t e n s i v e  and ranges  
from r e p o r t s  on a n a l y t i c a l  s t u d i e s  o f  s i n g l e  machine shops t o  accounts  
o f  complex s i m u l a t i o n  e xp er im en ts  i n v o l v i n g  m u l t i p l e  machine c e n t e r s .  
There are s e v e r a l  e x c e l l e n t  survey  a r t i c l e s  a v a i l a b l e  s o  a ccxnplete  
rev iew  w i l l  no t  be a t tem p ted .^  I n s t e a d  the  fo c u s  w i l l  be on s im u la ­
t i o n  s t u d i e s  o f  dynamic shops w i th  emphasis g iv e n  to  the  g e n e r a l  
e x p e r im en ta l  a s su m p t io n s ,  model c o n f i g u r a t i o n ,  s tu d y  parameters  and 
performance s t a t i s t i c s .
E ar ly  r e s e a r c h  on dynamic job shops fo c u se d  on the  shop as a 
network o f  qu eu es .  R ie se  s t u d i e s  gave p r i n c i p l e  emphasis t o  the
The r e a d e r  i s  r e f e r r e d  t o  t h e  f o l l o w i n g  works  which r e v ie w  
p o r t i o n s  o f  t h e  j o b  shop  s c h e d u l i n g  p ro b lem  o r  t h e  p ro b lem  in  t o t a l .  
Roger L. S i s s o n ,  "Methods of  S e q u e n c in g  i n  Job  Shops-A R ev iew ,"  
O p e r a t i o n s  R e s e a r c h .  7 ( J a n u a r y - F e b r u a r y  1959):  10 -2 9 .  P .  M e l l o r ,
"A Review o f  J o b  Shop S c h e d u l i n g , "  O p e r a t i o n s  R e s e a r c h . 19 ( Ju n e  1966):  
161-171 .  J .  M. Moore and R. C. W i l s o n ,  "A Review o f  S i m u l a t i o n  R e s e a r c h  
I n  Jo b  Shop S c h e d u l i n g , "  P r o d u c t i o n  and  I n v e n t o r y  Management. 8 ( J a n u ­
a r y  1967) :  1 -10 .  A l l e n  H. S p i n n e r ,  "S e q u e n c in g  Theo ry -D eve lopm en t  t o
D a t e , "  N aval  R es e a r c h  L o g i s t i c s  Q u a r t e r l y . 15 ( J u n e  I 9 6 0 ) :  319 -330 .
S s l a h  I .  E lm aghraby ,  "The Machine  S e q u e n c in g  Prob lem -Rev lew  and Ex­
t e n s i o n s , "  Naval R e s e a r c h  and L o g i s t i c s  Q u a r t e r l y . 15 ( J u n e  1968):
205 232 .  Mehendra  S.  B aksk l  and S. R. A r o r a ,  "The S e q u e n c in g  P r o b le m ,"  
Management S c i e n c e . 16 (December 1969):  2 4 7 -2 6 3 .  James E. Day and 
M ic h a e l  P .  H o t t e n s t e i n ,  "Review o f  S e q u e n c in g  R e s e a r c h , "  N ava l  R e s e a r c h  
L o g i s t i c s  Q u a r t e r l y . 17 (March 1970):  1 1 -3 9 .  G u p ta ,  " C r i t i c a l  Ap­
p r a i s a l , "  pp .  2 6 7 -2 8 1 .
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James R. J a c k s o n ,  " S i m u l a t i o n  R e s e a r c h  On Jo b  Shop P r o d u c t i o n , "  
N av a l  R e s e a r c h  Logi s t i c s  Q u a r t e r l y .  4 (December 1957) :  187 -1 9 5 .  James
R. J a c k s o n ,  ,rNetworks  o f  W a i t i n g  L i n e s , "  O p e r a t i o n s  R e s e a r c h . 5
5
6s e q u e n c i n g  r u l e  u s e d  Co s e l e c t  Che n e x t  Job t o  b e  p r o c e s s e d  s t  t h e  
m a ch in e .  The r e s u l t s  I n d i c a t e d  t h a t  s e q u e n c i n g  r u l e s  h e l d  p ro m ise  a s  
a p r i n c i p l e  v a r i a b l e  w o r th  f u r t h e r  s t u d y .  In  a d d i t i o n ,  J a c k s o n ' b work 
p r o v i d e d  a s i g n i f i c a n t  a n a l y t i c a l  r e s u l t .  When f o u r  a s s u m p t io n s  a r e  
m e t ,  th e  s y s t e m  o f  q u eu es  can  be decomposed i n t o  a n e tw o r k  where  each  
machine  c e n t e r  can  be t r e a t e d  a s  an i n d e p e n d e n t ,  e l e m e n t a r y ,  q u e u in g  
sy s t e m .  The a s s u m p t io n s  w e re :
1. A r r i v a l s  t o  c e n t e r s  from o u t s i d e  th e  s y s t e m  f o l l o w  a P o i s s o n  p r o c e s s
2 .  P r o c e s s i n g  t im e s  a t  e ac h  machine  a r e  e x p o n e n t i a l l y  d i s t r i b u t e d
3 .  J o b s  a r e  r o u t e d  t o  a c e n t e r  by means of  a f i x e d  p r o b a b i l i t y  m a t r i x
4 .  The s c h e d u l i n g  r u l e  a t  e ac h  machine  i s  f i r s t  come, f i r s t  Berved 
When i n t e r s r r i v a l  and s e r v i c e  t i m e s  a r e  e x p o n e n t i a l l y  d i s t r i b u t e d  a t  
each  c e n t e r ,  i f  j o b s  a r e  s c h e d u l e d  by th e  f i r s t  come, f i r s t  s e r v e d  r u l e ,  
th e  o u t p u t  of  e ac h  c e n t e r ,  which becomes t h e  i n p u t  t o  a n o t h e r  c e n t e r ,
i s  a l s o  e x p o n e n t i a l l y  d i s t r i b u t e d .  T hus ,  each  c e n t e r  can  be t r e a t e d  
a s  an  i n d i v i d u a l  i n d e p e n d e n t  q u e u i n g  s y s t e m .
F o l l o w i n g  t h i s  i n i t i a l  f u n d a m e n ta l  r e s e a r c h ,  e x t e n s i v e  s i m u l a ­
t i o n s  B tu d ie s  were  u n d e r t a k e n .  E x c e p t  as  n o t e d  t h e s e  s t u d i e s  employ t h e  
f o l l o w i n g  g e n e r a l  a s s u m p t i o n s :
1. Job  p r o c e s s i n g  t im es  a r e  known and a r e  n o t  s eq u en ce  d e p e n d e n t
2 .  P r o c e s s i n g  t im e s  i n c l u d e  s e t u p  t im e s
3. Jo b s  a r e  p r o c e s s e d  t o  c o m p l e t i o n  once s t a r t e d
(A ugus t  1957) :  5 1 8 -5 2 1 .  James R. J a c k s o n ,  "Some P rob lem s  o f  Queuing
With Dynamic P r i o r i t i e s , "  N av a l  R e s e a r c h  L o g i s t i c s  Q u a r t e r l y . 3 ( S e p ­
tem be r  1960) :  2 3 5 -2 4 9 .  R o s s e r  T. N e l s o n ,  "W a i t in g - T lm e  D i s t r i b u t i o n s
f o r  A p p l i c a t i o n  t o  a S e r i e s  of  S e r v i c e  C e n t e r s , "  O p e r a t i o n s  R e s e a r c h .
6 (November-December 1958) :  8 5 6 -8 6 2 .
74 .  Shop s i z e  I s  f i x e d  and known
5 .  Shops a r e  n o t  l a b o r  c o n s t r a i n e d
6.  M achines  do n o t  b r e a k  down
7. M achines  can  p r o c e s s  o n l y  one Job a t  a t ime
8. A l t e r n a t e  r o u t i n g  i s  n o t  a l l o w e d
9 .  Lo t  s p l i t t i n g  and p h a se  l a p p i n g  i s  n o t  a l lo w e d
Conway. J o h n s o n ,  and M a x w e l l1s S t u d i e s  
One o f  t h e  e a r l i e s t  i n v e s t i g a t i o n s  of  a l a r g e  number o f  s c h e d u l ­
ing  r u l e s  was c o n d u c te d  a t  C o r n e l l  U n iv e r s i t y . '* '  T h i r t e e n  d i s p a t c h i n g  
r u l e s  f o r  s e q u e n c i n g  j o b s  a t  a machine  were  t e s t e d .  The r u l e s  I n c lu d e d  
random a s s i g n m e n t ;  f i r s t  c o n e ,  f i r s t  s e r v e d ;  minimum s l a c k  t i m e ;  and 
s h o r t e s t  p r o c e s s i n g  t i m e .  Shop s i z e  was s e t  a t  f i v e  c e n t e r s  w i t h  one 
m ach ine  e a c h .  Job  a r r i v a l s  were  c o n t r o l l e d  by the  S i m u l a t o r  t o  m a in ­
t a i n  shop lo a d s  of  l i g h t ,  medium and h e a v y .  R o u t in g  was g e n e r a l ,  n o t  
random, w i t h  a mean o f  f o u r  o p e r a t i o n s  and a maximum o f  s e v e n .
D i s p a t c h i n g  r u l e s  were e v a l u a t e d  on t h e  b a s i s  o f  f o u r  m easu re s  
o f  p e r f o r m a n c e ;  t h e  d i s t r i b u t i o n s  o f  jo b  c o m p l e t i o n  t im e s  and  Job l a t e ­
n e s s ,  w o r k - i n - p r o c e s s  i n v e n t o r y ,  and shop u t i l i z a t i o n .  The p e r fo rm an c e  
o f  t h e  random r u l e  was e s t a b l i s h e d  a s  a s t a n d a r d  and a l l  o t h e r  r u l e s  
were e v a l u a t e d  i n  t e rm s  of  d i f f e r e n c e s  from t h e  s t a n d a r d .  The r e s u l t s  
o f  th e  s t u d y  i n d i c a t e d  t h a t  d i s p a t c h i n g  r u l e s  c an  i n f l u e n c e  mean com­
p l e t i o n  t im e  and mean l a t e n e s s .  R u le s  which  improve t h e  movement o f  
one Job th r o u g h  t h e  shop  can  a l s o  Improve t h e  a v e r a g e  movement o f  a l l
^ R ic h a rd  W. Conway, B ruce  M. J o h n s o n ,  and  W i l l i a m  L. Maxwell ,
"An E x p e r im e n ta l  I n v e s t i g a t i o n  o f  P r i o r i t y  D i s p t a c h i n g , " J o u r n a l  o f  
I n d u s t r i a l  E n g i n e e r i n g . 11 (M ay-June  I 9 6 0 ) :  2 2 1 -2 2 9 .
8j o b s .  F u r t h e r m o r e ,  d i s p a t c h i n g  r u l e s  which  c o n s i d e r  c u r r e n t  jo b  l a t e ­
n e s s  t e n d  t o  m in im ize  l a t e n e s s  v a r i a n c e  w h i l e  r u l e s  t h a t  u s e  c h a r a c t e r ­
i s t i c s  n o t  r e l a t e d  t o  Job due d a t e s  o r  jo b  l a t e n e s s  r e s u l t  I n  l a r g e r  
v a r i a n c e s .  The a u t h o r s  c o n c lu d e  t h a t  d i g i t a l  s i m u l a t i o n  can  be u s e d  
to  I n v e s t i g a t e  t h e  p e r fo rm a n c e  o f  s c h e d u l i n g  r u l e s .  However, s e v e r a l  
q u e s t i o n s  were  r a i s e d  w i t h  r e g a r d s  t o  t h e  s i g n i f i c a n c e  o f  changes  i n  
shop s i z e ,  i m p e r f e c t  p r e d i c t i o n  o f  p r o c e s s i n g  t im e s  and lo n g e r  
s i m u l a t i o n  r u n s .
I n  1962 r e s u l t s  o f  a s u b s e q u e n t  s t u d y  were  p u b l i s h e d . *  T h i s  
i n v e s t i g a t i o n  c o n s i s t e d  o f  c o m p ar i so n s  be tw een  a random d i s p a t c h i n g  
r u l e  and s e v e r a l  v a r i a t i o n s  o f  a s h o r t e s t  p r o c e s s i n g  t ime r u l e .  The 
s i m u l a t i o n  was c o n d u c te d  u n d e r  s e v e r a l  c o n d i t i o n s  o f  shop s i z e ,  Job 
r o u t i n g  and w o r k - l n - p r o c e s s  I n v e n t o r y .  A d d i t i o n a l l y ,  t h e  e f f e c t  o f  
I m p e r f e c t  know ledge  a b o u t  p r o c e s s i n g  t im e s  was c o n s i d e r e d .  S p e c i f i ­
c a l l y ,  t h e  e x p e r i m e n t a l  c o n d i t i o n s  m a i n t a i n e d  w ere ;
1. P r o c e s s i n g  t im e  d i s t r i b u t i o n s  a r e  t h e  same f o r  e a c h  m a c h i n e - -  
a d i s c r e t e  a p p r o x i m a t i o n  t o  t h e  e x p o n e n t i a l  d i s t r i b u t i o n
2. Hie number o f  j o b s  i n  t h e  shop was h e l d  c o n s t a n t - - a s  one l e a v e s  
t h e  s y s t e m  a n o t h e r  i s  i n t r o d u c e d .  Runs w i t h  t h e  number o f  jo b s  
e q u a l  t o  2 ,  4 ,  and 6 t im e s  t h e  number o f  m ach in es  were e x e c u t e d
3. Two t y p e s  o f  j o b  r o u t i n g  were  employed ;  a p u r e  jo b  shop  and a p u re  
f lo w  shop
4 .  F ou r  shop s i z e s  were  c o n s i d e r e d ;  2 ,  3 ,  6 and  9 m ach in es
5.  The same s e t  o f  sample  Jobs  were  u sed  f o r  c o m p a r i so n s  be tw een  r u l e s
F i r s t  a f u l l  f a c t o r i a l  2x4x2x3 e x p e r i m e n t  was d e v e lo p e d  t o  
i n v e s t i g a t e  t h e  e f f e c t  o f  chan g es  i n  shop s i z e ,  shop  t y p e ,  l e v e l s  o f
* R ic h a rd  W. Conway and W i l l i a m  L. M axw el l ,  "Network  D i s p a t c h i n g  
by t h e  S h o r t e s t  O p e r a t i o n  D i s c i p l i n e , "  O p e r a t i o n s  R e s e a r c h . 10 ( J a n u -  
a r y - F e b r u a r y  1962):  5 1 - 7 3 .
9w o r k - i n - p r o c e s s  and d i s p a t c h i n g  r u l e  on mean I d l e  t i m e .  The e x p e r i ­
m en ts  p r o v i d e d  s e v e r a l  I n t e r e s t i n g  r e s u l t s ,  A s i g n i f i c a n t  d i f f e r e n c e  
was n o t e d  be tw een  th e  p e r f o r m a n c e  o f  t h e  random r u l e  and  the  s h o r t e s t  
p r o c e s s i n g  t im e  r u l e  f o r  a l l  l e v e l s  o f  a l l  o t h e r  f a c t o r s .  There  was 
a lm o s t  no d i f f e r e n c e  be tw een  p e r fo r m a n c e  o f  t h e  p u r e  jo b  shop and pure  
f low  sh o p .  For  t h e  shop s i z e  f a c t o r  o n ly  a s l i g h t  d i f f e r e n c e  was 
d e t e c t e d  be tween  l e v e l s .  I t  was n o te d  t h a t  a s  shop s i z e  I n c r e a s e d  th e  
computer  t im e  r e q u i r e d  t o  c o m p le te  a s i m u l a t i o n  i n c r e a s e d  s i g n i f i c a n t l y .  
F i n a l l y ,  machine  i d l e  t im e  d e c r e a s e d  a s  t h e  l e v e l  of  w o r k - i n - p r o c e s s  
i n c r e a s e d .
A second  e x p e r i m e n t  was p e r fo rm e d  t o  s t u d y  t h e  e f f e c t  o f  
i m p e r f e c t  knowledge  o f  p r o c e s s i n g  t im e s  on th e  p e r fo rm a n c e  of  t h e  s h o r t ­
e s t  p r o c e s s i n g  t ime r u l e .  A p u r e  j o b  shop w i t h  s i x  m ach ines  and a work- 
i n - p r o c e s s  l e v e l  of  t w e n t y - f o u r  j o b s  was s i m u l a t e d .  The q u a l i t y  o f  
p r i o r  knowledge  r a n g e d  f rom p e r f e c t  t o  v e r y  c r u d e .  The s h o r t e s t  p r o ­
c e s s i n g  t ime r u l e  (where  c o o p a r e d  t o  t h e  random r u l e )  r e d u c e d  mean 
m ach ine  i d l e  t im e s  by a f a c t o r  o f  o n e - h a l f  f o r  the  c r u d e s t  o f  e s t i m a t e s .  
F o r  e s t i m a t e s  o f  p r o c e s s i n g  t im e  w i t h i n  p l u s  o r  minus 10 p e r c e n t  o f  
a c t u a l  t im e  th e  p e r f o r m a n c e  was n e g l i g i b l y  p o o r e r  t h a n  th e  s h o r t e s t  p r o ­
c e s s i n g  t im e  r u l e  w i t h  p e r f e c t  know ledge .
F i n a l l y ,  e x p e r i m e n t s  were  u n d e r t a k e n  t o  e v a l u a t e  s e v e r a l  
v a r i a t i o n s  o f  t h e  s h o r t e s t  p r o c e s s i n g  t im e  r u l e .  P r e v i o u s  s t u d i e s  have  
shown t h a t  w h i l e  t h i s  r u l e  s u b s t a n t i a l l y  r e d u c e s  mean f lo w  t im e ,  
i n d i v i d u a l  j o b s  may e x p e r i e n c e  lo n g  f low  t i m e s .  To overcome t h i s  d i s ­
a d v a n t a g e  two a l t e r e d  r u l e s  were  s t u d i e d .  One r u l e  p e r i o d i c a l l y  
a l t e r n a t e d  the  s h o r t e s t  p r o c e s s i n g  r u l e  w i th  a low v a r i a n c e  r u l e  ( f i r s t  
come, f i r s t  s e r v e d )  t o  c l e a n  o u t  t h e  sh o p .  The o t h e r  r u l e  imposed a
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l i m i t  on th e  t im e  t h a t  an  I n d i v i d u a l  j o b  can  w a i t  a t  a  m a c h i n e .  R e s u l t s  
f o r  t h e  a l t e r n a t i n g  r u l e  i n d i c a t e d  a t rem endous  (100  p e r c e n t )  I n c r e a s e  
i n  f lo w  t im e  v a r i a n c e  f o r  a s m a l l  (2 0  p e r c e n t )  i n c r e a s e  i n  t h e  p r o p o r ­
t i o n  o f  t ime t h e  s h o r t e s t  p r o c e s s i n g  r u l e  I s  u s e d .  The s ec o n d  r u l e  
p r o v i d e d  somewhat q u e s t i o n a b l e  Improvement b u t ,  the  a u t h o r s  c o n c lu d e d  
i t  m e r i t e d  f u r t h e r  r e s e a r c h .
Two a d d i t i o n a l  s t u d i e s  by Conway have  b e e n  r e p o r t e d . ^  Both 
a r e  d e t a i l e d  i n v e s t i g a t i o n s  t o  e v a l u a t e  s e q u e n c i n g  r u l e s  on t h e  b a s i s  
o f  two p e r f o r m a n c e  m e a s u r e s ,  w o r k - i n - p r o c e s s  i n v e n t o r y  and Job l a t e n e s s .  
For b o th  s t u d i e s  t h e  f o l l o w i n g  e x p e r i m e n t a l  c o n d i t i o n s  were  m a i n t a i n e d :
1.  Shop s i z e - n i n e  m ach in es
2 .  Shop t y p e - p u r e  Job shop
3 . I n t e r a r r i v a l  t i m e s  and p r o c e s s i n g  t im e s  were  e x p o n e n t i a l l y  d i s t r i b u t e d
4 .  Machine u t i l i z a t i o n  s e t  a t  90 p e r c e n t
F iv e  methods  f o r  m e a s u r in g  w o r k - i n - p r o c e s s  i n v e n t o r y  were  
employed i n  th e  f i r s t  s t u d y .  One method c o n s i d e r s  t h e  number o f  jo b s
in  t h e  shop w h i l e  t h e  o t h e r  f o u r  m easu re  t h e  work c o n t e n t  o f  j o b s  i n
£
t h e  sh o p .  For t h e  s e v e n t e e n  s e q u e n c i n g  r u l e s  t e s t e d  t h e r e  were a p p r e c i ­
a b l e  d i f f e r e n c e s  among a l l  m e a s u re s  o f  p e r f o r m a n c e  w i t h  t h e  s h o r t e s t  
p r o c e s s i n g  r u l e  d o m i n a t i n g  a l l  o t h e r  r u l e s  i n  t e rm s  o f  r e s u l t s  and e a s e  
of  I m p l e m e n t a t i o n .  A d d i t i o n a l  s i m u l a t i o n s  s u g g e s t e d  t h a t  t h i s  r u l e
1
R i c h a r d  W. Conway, " P r i o r i t y  D i s p a t c h i n g  and W o r k - I n - P r o c e s s  
I n v e n t o r y  i n  a Jo b  S h o p , "  J o u r n a l  o f  I n d u s t r i a l  E n g i n e e r i n g . 16 (March- 
A p r l l  1965):  1 2 3 -1 3 0 .  R i c h a r d  W. Conway, " P r i o r i t y  D i s p a t c h i n g  and Jo b  
L a t e n e s s  i n  a Job  S h o p ,"  J o u r n a l  o f  I n d u s t r i a l  E n g i n e e r i n g . 16 ( J u l y -  
A ugus t  1965) :  2 2 8 -2 3 7 .
2
Work c o n t e n t  wsb  c a l c u l a t e d  f o r  a l l  j o b s  i n  t h e  shop a s  ( 1) 
t o t a l  work c o m p le t e d ,  ( 2 )  t o t a l  work r e m a i n i n g ,  ( 3 )  t o t a l  work co m ple ted  
and r a n a i n i n g ,  and (4 )  t o t a l  l n m ln e n t  work .
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was not p a r t i c u l a r l y  s e n s i t i v e  to  errors  In e s t im a t in g  p ro ces s in g  time.
The second  s t u d y  o f  t h i s  s e r i e s  I n v e s t i g a t e d  t h e  a b i l i t y  o f  
s e q u e n c i n g  r u l e s  t o  m eet  due d a t e s .  The e x p e r i m e n t s  c o n s i d e r e d  b o th  
th e  method u sed  t o  a s s i g n  due d a t e s  and  t h e  r u l e  u s e d  t o  e n f o r c e  t h e  
d a t e .  Four  methods  o f  a s s i g n i n g  due d a t e s  were  r e s e a r c h e d .
1. A l lo w a b le  shop t im e  (due  d a t e  l e s s  t im e  of  a r r i v a l )  p r o p o r t i o n a l  
t o  t o t a l  r e q u i r e d  p r o c e s s i n g  t i m e .
2 .  A l lo w a b le  shop t im e  p r o p o r t i o n a l  t o  number o f  o p e r a t i o n s  r e q u i r e d .
3 .  A l lo w a b le  shop  t im e  c o n s t a n t  r e g a r d l e s s  o f  jo b  c h a r a c t e r i s t i c s
4 .  A l lo w a b le  shop t ime a s s i g n e d  a t  random
These  m ethods  w ere  d e v e lo p e d  t o  r e p r e s e n t  two a p p r o a c h e s  t o  
e s t a b l i s h i n g  due d a t e s .  Methods  one and two c o r r e s p o n d  t o  d a t e s  s e t  
by someone i n t e r n a l  u s i n g  r a t i o n a l  c r i t e r i a  w h i l e  t h r e e  and f o u r  r e l a t e  
to  someone e x t e r n a l  and a r b i t r a r y .  The r e s u l t s  I n d i c a t e d  t h a t  a s  t h e  
a s s i g n m e n t  o f  due d a t e s  became more a r b i t r a r y ,  t h e  a b i l i t y  t o  meet  t h o s e  
d a t e s  d e c r e a s e d  f o r  a l l  r u l e s  t e s t e d .  However,  p e r f o r m a n c e  o f  th e  
s h o r t e s t  p r o c e s s i n g  t im e  r u l e  was c l e a r l y  l e s s  s e n s i t i v e  t o  t h e  method 
o f  a s s i g n i n g  d a t e s ,  t h a n  a l l  o t h e r  r u l e s .
N a n o t 1s Stu d y
The Nanot  s t u d y  u n d e r t o o k  the  i n v e s t i g a t i o n  and e v a l u a t i o n  o f  
t e n  s e q u e n c i n g  r u l e s  f o r  s i x  shop s t r u c t u r e s , *  S e q u e n c in g  r u l e s  t e s t e d  
I n c l u d e d  f i r s t  come, f i r s t  s e r v e d ,  s h o r t e s t  p r o c e s s i n g  t i m e ,  and
*"Y. R. N a n o t ,  "An E x p e r i m e n t a l  and C o m p a ra t iv e  E v a l u a t i o n  o f  
P r i o r i t y  D i s c i p l i n e s  In  Job  S hop-L ike  Queu ing  N e t w o r k s , "  Management 
S c i e n c e s  R e s e a r c h  P r o j e c t .  UCLA. R e s e a r c h  R e p o r t . No. 87 ( 1 9 6 3 ) ,  d i s ­
c u s s e d  in  Elwood S.  B u f fa  and  W i l l i a m  H. T a u b e r t ,  P r o d u c t I o n - I n v e n t o r y  
S y s te m s ;  P l a n n i n g  and  C o n t r o l , r e v i s e d  e d .  (Homewood, I l l i n o i s ;
R i c h a r d  D. I r w i n ,  I n c . ,  19 7 2 ) ,  pp .  4 0 1 -4 0 6 .
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v a r i a t i o n s  o f  s t a t i c  and  dynamic  s l a c k  r u l e s .  Shop s t r u c t u r e s  employed 
were  a s  f o l l o w s :
1 .  Two c e n t e r s ,  p u r e  Job s h o p ,  medium lo a d
2 .  F o u r  c e n t e r s ,  p u r e  jo b  sh o p ,  medium lo a d
3 .  F o u r  c e n t e r s ,  p u r e  j o b  Bhop, h i g h  lo a d
4 .  E i g h t  c e n t e r s ,  p u r e  Job sh o p ,  low lo a d
5 .  E i g h t  c e n t e r s ,  q u a s i  f low shop ( tw o  r o u t i n g s ) ,  low lo a d
6 . E i g h t  c e n t e r s ,  q u a s i  f low  sh o p ,  medium lo a d
A d d i t i o n a l  e x p e r i m e n t a l  a s s u m p t i o n s  w e re ;  Poiss ,on  a r r i v a l  
p r o c e s s ,  e x p o n e n t i a l  s e r v i c e  t i m e s ,  due d a t e s  a s s i g n e d  by a d d i n g  a 
t ime  i n t e r v a l  (d raw n  from a f i x e d  d i s t r i b u t i o n )  t o  t h e  e x p e c t e d  f low 
t im e  o f  a j o b  u n d e r  f i r s t  come f i r s t  s e r v e d  r u l e ,  and  a shop  u t i l i z a ­
t i o n  of  90 p e r c e n t .  I n  t h e  s t u d y ,  s p e c i a l  a t t e n t i o n  was p a i d  t o  t h e  
a n a l y s i s  o f  t im e  s e r i e s  d a t a .  S p e c i f i c a l l y ,  t im e  t o  s t e a d y  s t a t e  and 
r e q u i r e d  sample  r u n  l e n g t h  were  d e t e r m i n e d  a n a l y t i c a l l y .  U n f o r t u n a t e l y ,  
t h e  e x a c t  p r o c e d u r e  employed was n o t  d i s c u s s e d  i n  t h e  a v a i l a b l e  
a r t i c l e s .
An a n a l y s i s  o f  v a r i a n c e  was p e r fo rm e d  t o  i n v e s t i g a t e  t h e  e f f e c t  
o f  shop  c o n f i g u r a t i o n .  R e s u l t s  showed s i g n i f i c a n t  d i f f e r e n c e s  i n  p e r ­
form ance  (mean and v a r i a n c e  o f  f low  t im e )  f o r  s e q u e n c i n g  r u l e s  w h i l e  
d i f f e r e n c e s  f o r  shop s i z e  and type  were  q u e s t i o n a b l e  ( a c c e p t e d  a t  0 .02  
and 0 .0 1  l e v e l s ;  r e j e c t e d  a t  .05  l e v e l )  s i g n i f i c a n c e .  Nanot c o n c lu d e d  
t h a t  t h e s e  e f f e c t s  a r e  b e s t  e v a l u a t e d  in  t e rm s  of  r e l a t i v e  im p o r t a n c e  
r a t h e r  t h a n  s t a t i s t i c a l  s i g n i f i c a n c e .  F i n a l l y ,  i t  s h o u l d  be n o t e d  
t h a t  r e l a t i v e  p e r f o r m a n c e  c o n s i s t e n t  w i t h  Conway 's  work was o b t a i n e d  
f o r  s e q u e n c i n g  r u l e s  common t o  b o t h  s t u d i e s .
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G ere ' s  Study
The p r e v io u s  s t u d i e s  have d e a l t  w i th  the r i g i d  use  o f  a sequent*  
ing  r u le  to  sch ed u le  o p e r a t i o n s  of  Jobs w a i t i n g  at  a machine.  G ere 's  
rese a rc h  was an I n v e s t i g a t i o n  o f  th e  performance of  seq uenc ing  r u l e s  
when combined with  rea so n a b le  h e u r i s t i c s . ^  Performances  o f  the  
I n d iv id u a l  and combined r u l e s  were e v a lu a te d  on th e  b a s i s  o f  a b i l i t y  
to  meet due d a t e s .  E ig h t  s eq u e n c in g  r u l e s  i n c l u d i n g  f i r s t  come, f i r s t  
s e r v e d ,  random, s h o r t e s t  p r o c e s s i n g  t im e,  and v a r i a t i o n s  o f  s l a c k  r u l e s  
were i n d i v i d u a l l y  t e s t e d .  H e u r i s t i c s  were then combined with  a l l  but  
the random and f i r s t  come, f i r s t  served  r u l e s ,  and performance was
measured a g a in .  The two h e u r i s t i c s  which showed g r e a t e s t  promise were;
2
( 1 )  a l t e r n a t e  o p e r a t i o n ,  and ( 2 )  look ahead r u l e .
The e x p e r i m e n t a l  c o n d i t i o n s  employed i n  each s i m u l a t i o n  v a r i e d  
w i t h  each  job  f i l e .  A jo b  f i l e  d e f i n e d  shop s i z e ,  shop  t y p e ,  o p e r a t i o n s  
p e r  j o b ,  and number o f  j o b s  t o  be r u n .  The f i l e  a l s o  s p e c i f i e d  p a r a ­
m e t e r s  o f  th e  a r r i v a l  ( P o i s s o n )  and  p r o c e s s i n g  t im e  ( r e c t a n g u l a r )  
d i s t r i b u t i o n s .  A dynamic shop  was s i m u l a t e d  u s i n g  s i x t e e n  jo b  f i l e s  
f o r  each  s e q u e n c i n g  r u l e  b o th  w i th  and w i t h o u t  h e u r i s t i c s .  Job  f i l e s
H f l l l i a m  S. G e re ,  J r . ,  " H e u r i s t i c s  i n  J o b -S h o p  S c h e d u l i n g , "  
Management S c i e n c e . 13 (November 1966):  167 -190 .
2
A l t e r n a t e  O p e r a t io n - - S c h e d u le  the next  o p e r a t i o n  a t  a machine  
a c co r d in g  to  a sequenc ing  r u le  then s ee  i f  t h i s  makes another  job a t  
th a t  machine c r i t i c a l .  I f  i t  d o e s ,  revoke the s c h e d u le  and s ch ed u le  
the c r i t i c a l  J o b ' s  o p e r a t i o n .  A gain ,  check to  s e e  i f  a job becomes  
c r i t i c a l ;  i f  n o t ,  use  the  new s c h e d u le ;  i f  s o ,  u se  the  f i r s t  s c h e d u le .  
Look A head--Schedule  the  next  o p e r a t i o n  a t  a machine then look  ahead to  
s e e  i f  t h e r e  i s  a c r i t i c a l  or near c r i t i c a l  Job t h a t  w i l l  a r r i v e  b e fo r e  
the sch ed uled  o p e r a t i o n  i s  completed;  i f  s o ,  s ch ed u le  t h a t  Job. Now 
d eterm ine  the  r e s u l t i n g  job l a t e n e s s ;  i f  i t  i s  l e s s ,  u se  the  new 
sch ed u le ;  i f  more, use  the f i r s t  s c h e d u le .
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v a r i e d  from 20 t o  60 j o b s ,  1 t o  10 o p e r a t i o n s  p e r  j o b ,  and 4 t o  6 
m a c h i n e s .  S in c e  t h e  Jobs  c o u l d  n o t  be t r e a t e d  a s  sam ples  from th e  same 
p o p u l a t i o n ,  t h e  d i s t r i b u t i o n  f r e e  W llcoxon  m a tched  p a i r s  s ig n e d  ran k  
t e s t  was u s e d . ^  The g e n e r a l  r e s u l t s  o f  th e  s i m u l a t i o n s  w ere ;
1. Non-random r u l e s  ( w i t h o u t  h e u r i s t i c s )  a r e  s i g n i f i c a n t l y  b e t t e r  t h a n  
random r u l e s
2 .  There  was l i t t l e  d i f f e r e n c e  b e tw een  r u l e s  b a s e d  on a r e a s o n a b l e  
m easu re  o f  job  s l a c k
3 . The s h o r t e s t  p r o c e s s i n g  t im e  r u l e  i s  l e s s  e f f e c t i v e  t h a n  a r u l e  
b a s e d  on job  s l a c k
4 .  R u le s  o t h e r  t h a n  random and f i r s t  come, f i r s t  a e r v e d  a r e  e q u a l l y  
e f f e c t i v e  when combined w i th  t h e  a l t e r n a t e  o p e r a t i o n  and look  
ahead  r u l e ;  and when combined t h e s e  r u l e s  become more e f f e c t i v e
G e r e ' s  r e s u l t s  a r e  s i g n i f i c a n t  i n  t h a t  t h e y  d e m o n s t r a t e  t h a t  
t h e  s t a n d a r d  s e q u e n c i n g  r u l e s  can  be Improved when u s e d  In  c o n j u n c t i o n  
w i th  r e a s o n a b l e  h e u r i s t i c s .  However,  he  n o t e s  t h a t  t h e  r e s u l t B  a r e  
b a sed  on a s m a l l  number o f  job  f i l e s  and t h a t  some of  t h e s e  f i l e s  
m igh t  c o n t a i n  some p e c u l i a r i t i e s  which s i g n i f i c a n t l y  a f f e c t  r e s u l t s .  
T h e r e f o r e ,  c o n c l u s i o n s  and g e n e r a l i z a t i o n s  s h o u l d  be made w i th  c a u t i o n .
The W llcoxon  t e s t  i s  a n o n p a r a m e t r l c  p r o c e d u r e  s u i t a b l e  f o r  
a n a l y z i n g  the  m agn i tude  and d i r e c t i o n  o f  d i f f e r e n c e s  be tw een  two t r e a t ­
m e n t s .  The p r o c e d u r e  i s  d e s c r i b e d  in  S id n ey  S i e g e l ,  N o n p a ra m e t r l c  
S t a t i s t i c s  f o r  t h e  B e h a v i o r a l  S c i e n c e s . (New York:  McGraw-Hil l  C o . ,
I n c . ,  19 5 6 ) ,  pp .  75 8 3 .  I n  G e r e ' s  s t u d y  t h e  two t r e a t m e n t s  a r e  r e p r e ­
s e n t e d  by p a i r s  of  s e q u e n c i n g  and h e u r i s t i c  r u l e s .
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N e l s o n ' a  S t u d i e s
N e l so n  h a s  d e v e lo p e d  a g e n e r a l  model f o r  s t u d y i n g  machine  and 
l a b o r  l i m i t e d  sy s tem s  which a l l o w s  t h e  r e s e a r c h e r  t o  s e l e c t  many com­
b i n a t i o n s  o f  d e s i g n ,  c o n t r o l ,  and work lo a d  p a r a m e t e r s . ^  D es ign  p a r a -  
m e t e r s  i n c l u d e  t h e  number o f  m ach ines  a t  e ach  c e n t e r ,  and  the  r e l a t i v e  
e f f i c i e n c y  o f  l a b o r .  Labor  a s s i g n m e n t  p r o c e d u r e s ,  queue  d i s c i p l i n e ,  
and the  d e g r e e  o f  c e n t r a l  l a b o r  c o n t r o l  a t  a m ach ine  c e n t e r  a r e  a l l  
i n c l u d e d  i n  the  c o n t r o l  p a r a m e t e r s .  F i n a l l y ,  work lo a d  p a r a m e t e r s  
a l l o w  f o r  c o n t r o l  o f  a r r i v a l  and p r o c e s s i n g  t im e  d i s t r i b u t i o n s  (and  
d i s t r i b u t i o n  p a r a m e t e r s ) ,  as  w e l l  as  t h e  jo b  r o u t i n g  m a t r i x  which  can 
v a r y  from p u r e  f low t o  p u re  job  sh o p .
I n  a s e r i e B  o f  i n i t i a l  e x p e r i m e n t s  N e l s o n  s i m u l a t e d  a p u r e  Job
shop w i th  two c e n t e r s  o f  two m ach ines  e a c h .  The a r r i v a l  p r o c e s s  was 
P o i s s o n ;  and  p r o c e s s i n g  t im e s  were  e x p o n e n t i a l .  F i r s t  come, f i r s t  
s e r v e d ,  f i r s t  i n  t h e  sys tem ,  f i r s t  s e r v e d  and s h o r t e s t  p r o c e s s i n g  t ime  
were  t h e  queue  d i s c i p l i n e s  employed .  Labor  a v a i l a b i l i t y  was v a r i e d  
from 2 ,  3 ,  and 4 l a b o r e r s .  A r r i v a l  and p r o c e s s i n g  t im e  p a r a m e t e r s  
were c o n t r o l l e d  t o  m a i n t a i n  89 p e r c e n t  l a b o r  u t i l i z a t i o n  f o r  a l l  con* 
d l t  i o n s .
R e s u l t s  o f  t h e s e  e x p e r i m e n t s  showed mean f low  t im e  was m in im ized  
when l a b o r  c o n t r o l  was d e t e r m i n e d  by  a s s i g n m e n t  t o  t h e  machine  c e n t e r
w i t h  the  l o n g e s t  queue and t h e  queue d i s c i p l i n e  employed was t h e
s h o r t e s t  p r o c e s s i n g  t im e  r u l e .  The same l a b o r  c o n t r o l  combined w i t h  
t h e  f i r s t  i n  th e  system, f i r s t  s e r v e d  queue  d i s c i p l i n e  m in im ized  f low
^R o sse r  T. N e l s o n ,  "Labor  and Machine L i m i t e d  P r o d u c t i o n  S y s t e m s , "  
O p e r a t i o n s  R e s e a r c h . 13 (May 1947):  648 -671 .
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t im e  v a r i a n c e .  Rank o r d e r  f o r  queue d i s c i p l i n e d  In  t e rm s  o f  I n c r e a s i n g  
f low  t im e  v a r i a n c e  was f i r s t  i n  s y s te m ,  f i r s t  s e r v e d ,  f i r s t  come, f i r s t  
s e r v e d  and the  s h o r t e s t  p r o c e s s i n g  t im e  r u l e .  N e l so n  n o t e s  t h a t  t h i s  
r a n k  o r d e r  does  n o t  a g r e e  w i t h  Conway 's  1963 r e s u l t s ,  and  c o n c l u d e s  
t h a t  th e  d i f f e r e n c e  i s  a r e s u l t  o f  i n c r e a s e d  sample  s i z e  (N e lso n  
3 2 ,0 0 0  jo b s  p e r  r u n ,  Conway 10 ,0 0 0  p e r  r u n ) . ^
N e l so n  c o n d u c te d  a d d i t i o n a l  s t u d i e s  on two c e n t e r  p u r e  f low and 
p u r e  job  s h o p s .  The r e s u l t s  o f  t h e s e  e x p e r i m e n t s  were  c o n s i s t e n t  w i t h  
h i s  p r e v i o u s  work .  N e l s o n ' s  work I s  s i g n i f i c a n t  In  the  a n a l y s i s  of 
the  e f f e c t  o f  l a b o r  f l e x i b i l i t y  on mean f lo w  t i m e .  His  r e s u l t s  i n d i c a t e  
t h a t  in  a shop  of  f i x e d  m ach ine  c a p a c i t y ,  l a b o r  l i m i t a t i o n s  can  a c t u a l l y  
r e d u c e  mean f low  t i m e .  As t h e  shop  becomes machine  l i m i t e d  ( l a b o r  I s  
a d d e d ) ,  machine  f l e x i b i l i t y  i s  l o s t  and l a b o r  r e a s s i g n m e n t  t o  h e a v i l y  
lo a d ed  c e n t e r s  c a n n o t  be made. Thus ,  a v e r a g e  u t i l i z a t i o n  o f  l a b o r  w i l l  
d e c r e a s e  and mean f low  t im e  w i l l  i n c r e a s e  a s  some q u e u es  become empty .
F r y e r ' s S t u d i e s  
F r y e r ' s  s t u d i e s  a r e  l a r g e l y  b a se d  on N e l s o n ' s  g e n e r a l  model 
w hich  I s  expanded  t o  i n c l u d e  l a b o r  c o n t r o l  d e c i s i o n s  a t  two o r g a n i z a ­
t i o n a l  l e v e l s . ^  The e x p e r i m e n t a l  c o n d i t i o n s  o f  t h e  s t u d y  w ere :
1I b i d . ,  p .  660
2
R o s s e r  T. N e l s o n ,  "Dual  R e s o u rc e  C o n s t r a i n e d  S e r i e s  S e r v i c e  
S y s t e m s , "  Management S c i e n c e . 16 ( M a rc h - A p r l l  1968):  324 -3 4 0 .  R o s s e r  
T. N e l s o n ,  "A S i m u l a t i o n  o f  Labor  E f f i c i e n c y  and C e n t r a l i z e d  Ass ignm ent  
i n  a P r o d u c t i o n  M o d e l , "  Management S c i e n c e . 17 ( O c to b e r  19 7 0 ) :  9 7 -1 0 6 .
3
J o h n  S. F r y e r ,  " O p e r a t i n g  P o l i c i e s  i n  M u l t i - e c h e l o n  Dual-Con­
s t r a i n t  Jo b  S h o p s , "  Management S c i e n c e . 19 (May 1973) :  1001-1012 .  John  
S ,  F r y e r ,  " E f f e c t s  o f  Shop S i z e  and  Labor F l e x i b i l i t y  i n  Labor  and 
Machine L i m i t e d  P r o d u c t i o n  S y s t e m s , "  Management S c i e n c e .  21 ( J a n u a r y  
1975):  507 -515 .
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1 .  Three  d i v i s i o n s  o f  f o u r  u n iq u e  work c e n t e r s  w i t h  two i d e n t i c a l  
m ach in es  p e r  c e n t e r
2 .  I n t e r a r r i v a l  and  p r o c e s s i n g  t im e s  g e n e r a t e d  from a n e g a t i v e  e x p o ­
n e n t i a l  d e n s i t y  f u n c t i o n
3 .  Labor  f o r c e  o f  tw e l v e  w o rk e r s
4 .  L a b o r e r s  e q u a l l y  e f f i c i e n t  i n  o p e r a t i n g  any  machine
5 .  Labor  u t i l i z a t i o n  o f  90 p e r c e n t
6 .  Pu re  Job shop r o u t i n g
V a r i a b l e s  c o n s i d e r e d  were  f i r s t  i n  t h e  sy s te m ,  f i r s t  s e r v e d  and 
s h o r t e s t  p r o c e s s i n g  t im e  queue d i s c i p l i n e s ,  be tw een  d i v i s i o n  and  w i t h i n  
d i v i s i o n  l a b o r  a s s i g n m e n t  r u l e s .  Shop p e r f o r m a n c e  was m easured  i n  
te rm s  o f  the  mean and v a r i a n c e  o f  f low  t i m e ,  t h e  number o f  l a b o r  
t r a n s f e r s  be tw een  d i v i s i o n s ,  and l a b o r  t r a n s f e r s  b e tw een  work c e n t e r s  
w i t h i n  a d i v i s i o n .  A f t e r  one t h o u s a n d  jo b  a r r i v a l s  w ere  s i m u l a t e d  t o  
a c h i e v e  s t e a d y  s t a t e  c o n d i t i o n s  f o r t y  s e q u e n t i a l  o b s e r v a t i o n s  were  
made on d a t a  b l o c k s  o f  1 ,0 0 0  c o n s e c u t i v e  Jobs  f o r  Job p e r fo rm an c e  
m e asu re s  and 1 ,0 0 0  u n i t s  o f  s i m u l a t e d  t im e  f o r  l a b o r  t r a n s f e r  m e a s u r e s .
R e s u l t s  i n d i c a t e  t h a t  l a b o r  c o n t r o l  d e c i s i o n s  a t  d i f f e r e n t  
o r g a n i z a t i o n a l  l e v e l s  c an  have  a s i g n i f i c a n t  e f f e c t  on b o t h  f low  t ime  
and l a b o r  t r a n f e r  m e a s u r e s .  O f t e n  l a b o r  a s s i g n m e n t  d e c i s i o n s  had more 
e f f e c t  on p e r fo r m a n c e  t h a n  d i d  queue  d i s c i p l i n e s .  I t  i s  s i g n i f i c a n t  
t o  n o t e  t h a t  w i t h i n  l a b o r  a s s ig n m e n t  d e c i s i o n s  t h e  e f f e c t s  o f  queue 
d i s c i p l i n e s  on f low  t im e  m e a s u re s  a r e  c o n s i s t e n t  w i t h  p r i o r  r e s e a r c h .  
S p e c i f i c a l l y ,  t h e  f i r s t  i n  t h e  s y s t e m ,  f i r s t  s e r v e d  r u l e  r e s u l t e d  i n  
h ig h  mean flow t im e  and low f low  t im e  v a r i a n c e s  w h i l e  t h e  s h o r t e s t  
p r o c e s s i n g  t ime r u l e  r e s u l t e d  In  low mean f low  t i m e s  and h ig h  flow t im e  
v a r l a n c e s .
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E f f e c t s  o f  shop s i z e  and l a b o r  f l e x i b i l i t y  were  a l s o  i n v e s t i -  
g a t e d  by F r y e r .  The o r i g i n a l  model was v a r i e d  t o  p ro d u c e  f o u r  
p r o d u c t i v e  s y s t e m s .  The f o u r  c o m b i n a t i o n s  o f  two m a ch in e -o n e  w orke r  
c e n t e r s  w ere ;
1.  Smal l  shop  o f  two work c e n t e r s  In  a s i n g l e  d i v i s i o n
2 .  Medium shop o f  f o u r  c e n t e r s  i n  a s i n g l e  d i v i s i o n
3. L a rg e  shop o f  tw e lv e  work c e n t e r s  w i t h  f o u r  l o c a t e d  In  eac h  o f  t h r e e  
d i v i s i o n s - - w o r k e r  t r a n s f e r  b e tw een  m a jo r  d i v i s i o n s  a l lo w e d
4 .  La rge  shop  o f  tw e lv e  work c e n t e r s  w i t h  f o u r  l o c a t e d  In  eac h  o f  t h r e e  
d i v i s i o n s - - w o r k e r  t r a n s f e r  be tw een  m a jo r  d i v i s i o n s  n o t  a l l o w e d
E x p e r i m e n t a l  r e s u l t s  s u g g e s t  t h a t  t h e  e f f e c t s  o f  c h a n g i n g  d i s p a t c h i n g  
d e c i s i o n s  and l a b o r  f l e x i b i l i t y  were  c o n s i s t e n t  a c r o s s  a l l  f o u r  p r o ­
d u c t i v e  sy s te m s  ♦ . . c o n s i s t e n t  i n  t h e  s e n s e  t h a t ,  w h i l e  a b s o l u t e  
m a g n i tu d e s  v a r i e d ,  t h e  d i r e c t i o n  o f  change  o f  t h e  p e r f o r m a n c e  m easure  
was t h e  same f o r  a g i v e n  d e c i s i o n  r u l e .  F r y e r  c o n c l u d e s  t h a t  i n  te rm s  
o f  t h e  d i r e c t i o n  o f  change  o f  f low  time m e a s u r e s ,  th e  r e s u l t s  c an  be 
g e n e r a l i z e d  a c r o s s  v a r i o u s  c o n f i g u r a t i o n s  o f  shop s i z e  and l a b o r  
f l e x i b i l i t y .
The f t i ahea  A i r c r a f t  Job  Shop 3 1p y 1 * f *»n
The s t u d i e s  p r e v i o u s l y  d i s c u s s e d  have  a l l  employed s i m u l a t i o n s
o f  a h y p o t h e t i c a l  Job shop  t o  i n v e s t i g a t e  s e q u e n c i n g  r u l e s .  T h i s
s t u d y  r e p o r t s  on th e  I n i t i a l  r e s u l t s  o f  a s i m u l a t i o n  d e v e lo p e d  from 
2
e m p i r i c a l  d a t a .  The shop s i m u l a t e d  i s  made up o f  f i v e  s e c t i o n s ;
* F r y e r ,  " E f f e c t s  o f  Shop S i z e  and Labor  F l e x i b i l i t y , "  p p .  5 0 7 -5 1 5 .  
2
E a r l  LeGrande,  "The Development o f  a F a c t o r y  S i m u l a t i o n  U sing  
A c t u a l  O p e r a t i n g  D a t a , "  Management T e c h n o l o g y . 3 (May 1963) :  1 -19 .
19
Machine  Shop, S h e e t  M e ta l  Shop, P r o c e s s i n g ,  Waveguide M a n u f a c t u r i n g ,  
and  Tool M a n u f a c t u r i n g .  F a b r i c a t i o n  o f  t h e  1800-2500  j o b s  i n  p r o c e s s  
a t  one t im e  r e q u i r e s  a p p r o x i m a t e l y  1 ,0 0 0  m a c h in e s  and 4 0 0 -5 0 0  w o r k e r s .
Fo r  t h e  s i m u l a t i o n  t h e  shop  i s  o r g a n i z e d  i n t o  115 machine  g ro u p s  
and f o r t y - s e v e n  l a b o r  c l a s s e s .  I n  o p e r a t i o n  t h e  Jo b  Shop S i m u l a t o r  i s  
s u p p l i e d  c u r r e n t  i n f o r m a t i o n  a b o u t  a v a i l a b l e  r e s o u r c e s ,  s c h e d u l e  and 
d i s p a t c h  r u l e s  and o r d e r s .  G iven  t h i s  i n f o r m a t i o n  th e  Jo b  Shop i s  
s i m u l a t e d  o v e r  some s p e c i f i e d  p e r i o d  of  t i m e .  The p ro g r a m  s c h e d u l e s  a 
s u p p l y  o f  o r d e r s ,  r e l e a s e s  t h e  o r d e r s  t o  t h e  sh o p ,  and th e n  p r o c e s s e s  
them u s i n g  t h e  s p e c i f i e d  s e q u e n c i n g  r u l e  o r  r u l e s .  R e c o rd s  a r e  k e p t  on 
m ach ine  l o a d s ,  m achine  and l a b o r  u t i l i z a t i o n ,  l e n g t h  of  w a i t  t i m e ,  t o t a l  
j o b s  w a i t i n g  and number o f  j o b s  e a r l y ,  on t im e  and l a t e .
I n i t i a l  work w i t h  the  Jo b  Shop S i m u l a t o r  i n v o l v e d  th e  s t u d y  o f  
s e v e r a l  c l a s s i c a l  s e q u e n c i n g  r u l e s .  The p e r f o r m a n c e s ,  e v a l u a t e d  on 
e i g h t  i n d i v i d u a l  m e a s u r e s ,  were  c o n s i s t e n t  w i t h  e a r l i e r  r e s e a r c h  f i n d ­
i n g s .  These  r u l e s  were t h e n  e v a l u a t e d  U3lng a w e i g h t e d  c o m b i n a t i o n  o f  
a l l  m e a s u r e s .  T h i s  a p p r o a c h  i s  i n t e r e s t i n g  i n  t h a t  any  w e ig h t  can  be 
a t t a c h e d  t o  a p a r t i c u l a r  m easu re  t o  i n d i c a t e  i t s  r e l a t i v e  im p o r t a n c e  in  
a p a r t i c u l a r  s i t u a t i o n .  T h i s  a p p r o a c h  may p r o v i d e  th e  means f o r  g r e a t e r  
g e n e r a l i z a t i o n  and a p p l i c a t i o n  o f  s p e c i f i c  s t u d i e s .
S t u d i e s  I n v o l v i n g  Machine F a i l u r e  
A cco u n ts  o f  t h r e e  s t u d i e s  t h a t  i n c l u d e  machine  f a i l u r e s  were  
l o c a t e d .  I n  a r e v i e w  o f  t h e  l i t e r a t u r e  S i s s o n  comments on an u n p u b l i s h e d  
e m p i r i c a l  s t u d y  t h a t  i n v o l v e d  t h e  p o s s i b i l i t y  o f  m ach ine  b reak d o w n s .*
* S i s s o n ,  "Methods o f  S e q u e n c i n g , "  p .  27 .
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Few d e t a i l s  a r e  g i v e n  w i t h  r e g a r d s  t o  f a i l u r e s  e x c e p t  t h a t  one p r o b a ­
b i l i t y  d i s t r i b u t i o n  was employed t o  r e p r e s e n t  a wide  v a r i e t y  o f  m a c h i n e s .  
S i s s o n  n o t e s  t h a t  t h e  s t u d y  I n c l u d e s  some f a c t o r s  n o t  found  i n  o t h e r  
p u b l i s h e d  r e s e a r c h .  However,  he  c o n c l u d e s ,  t h a t  u a l n g  one d i s t r i b u t i o n  
to  r e p r e s e n t  s e v e r a l  t y p e s  of  m ach in e s  I s  open t o  l o g i c a l  o b j e c t i o n .
The second  a c c o u n t  d e s c r i b e s  a s i m u l a t i o n  s t u d y  o f  an  e m p i r i c a l ,  
n u m e r i c a l l y  c o n t r o l l e d  j o b  sh o p .*  S p e c i f i c a l l y ,  t h e  r e s e a r c h  a t t e m p t e d  
t o  t e s t  the  f e a s i b i l i t y  o f  u s i n g  GPSS s i m u l a t i o n  l a n g u a g e  i n  t h e  p l a n ­
n in g  and c o n t r o l l i n g  of  t h e  shop  u n d e r  s t u d y . ^  V a r i a b l e s  i n  t h e  model 
i n c l u d e d  shop s i z e  (u p  t o  t e n  m a c h i n e s ) ,  m a i n t e n a n c e  p e r s o n n e l ,  job  
p r i o r i t y  number,  and t h e  number o f  m ach ine  o p e r a t o r s  (u p  t o  t e n  
w o r k e r s ) .  Jo b  p r i o r i t y  numbers w e re  e i t h e r  z e r o  o r  o n e .  A z e r o  r e p r e ­
s e n t e d  a f i r s t  come, f i r s t  s e r v e d  d i s c i p l i n e  w h i l e  a one moved t h e  Job 
t o  t h e  head  o f  a q u e u e .
I n  t h e  o p e r a t i o n  o f  t h e  model a random number g e n e r a t o r  
i n t e r a c t e d  w i t h  t h e  s y s t e m  t o  g e n e r a t e  m ach ine  b re a k d o w n s .  The b r e a k ­
down d i s t r i b u t i o n s  were  e m p i r i c a l l y  d e t e r m i n e d  f rom  t h e  a c t u a l  r e c o r d s  
o f  t h e  sh o p .  No a t t e m p t  was made t o  s p e c i f i c a l l y  d e t e r m i n e  t h e  Impact  
o f  machine  f a i l u r e s  on  shop  o p e r a t i o n  o r  t h e  p e r f o r m a n c e  o f  job  p r i o r i t y  
r u l e s .  A f t e r  s i m u l a t i n g  s e v e r a l  c o n f i g u r a t i o n s  o f  t h e  m o d e l ,  S k j e r s e t h
*Paul  J .  S k j e r s e t h ,  "A S i m u l a t i o n  Model f o r  P l a n n i n g  and Con­
t r o l l i n g  Machine  Job  Shop S c h e d u l i n g , " (P h .D .  d i s s e r t a t i o n ,  S t .  L o u i s  
U n i v e r s i t y ,  1 9 7 2 ) .
2G e n e r a l  P u r p o se  S i m u l a t i o n  Sys tem  (GPSS) i s  a s p e c i a l  p u r p o s e  
p rogramming l a n g u ag e  w e l l  s u i t e d  f o r  s i m u l a t i n g  d i s c r e t e  s y s t e m s .  A 
d e t a i l e d  d e s c r i p t i o n  o f  t h e  l a n g u a g e  i s  found i n  G o e f f r y  Gordon ,  The 
A p p l i c a t i o n  o f  GPJS t o  D i s c r e t e  S y s t em S i b i l a t i o n . (Englewood C l i f f s ,  
N . J . :  P r e n t i c e - H f  11 ,  I n c . ,  1 9 7 5 ) .
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c o n c l u d e d  t h a t  o p t i m a l  shop p e r f o r m a n c e  ( f o r  t h e  g i v e n  m o d e l ) ,  as 
m easu red  by mean f lo w  t im e  and m ach ine  u t i l i z a t i o n ,  was o b t a i n e d  a t  a 
l e v e l  o f  t e n  m ach ines  and t e n  o p e r a t o r s .
The t h i r d  s t u d y  c o n s i d e r s  t h e  e f f e c t  o f  m ach ine  f a i l u r e  on 
t h r e e  s c h e d u l i n g  r u l e s .  S p e c i f i c a l l y ,  i n  one p h a s e  o f  r e s e a r c h  on 
m a in t e n a n c e  p o l i c i e s  and t h e  j o b  shop s c h e d u l i n g  p r o b le m ,  K r s j e w s k i ,  
Goodman, and B a n n e r J e e  model t h e  c l a s s i c a l  dynamic shop u n d e r  two 
c o n d i t i o n s :  ( 1 )  w i t h  no m ach ine  f a i l u r e s  and  ( 2 )  w i t h  machine
f a i l u r e s , ^  E x p e r i m e n t a l  p a r a m e t e r s  common t o  b o th  c o n f i g u r a t i o n s  w ere :
1 .  Shop s i z e  o f  f o u r  m ach ines
2 .  C o n s t a n t  w o r k - i n - p r o c e s s  i n v e n t o r y - - a  new jo b  i s  a l l o w e d  t o  e n t e r  
t h e  shop o n l y  i f  t h e  s y s te m  i s  be low a s p e c i f i c  l e v e l
3 .  W o r k - i n - p r o c e s s  i n v e n t o r y  i s  s e t  a t  a l e v e l  t h a t  a p p r o x i m a t e s  shop 
u t i l i z a t i o n  o f  90 p e r c e n t
4 .  Jo b  r o u t e s  a r e  random ly  g e n e r a t e d  f rom  a f i x e d  t r a n s i t i o n  m a t r i x  
w i t h  t h e  number o f  o p e r a t i o n s  random ly  s e l e c t e d  from a u n i f o r m  
d i s t r i b u t i o n  o f  r a n g e  1 t o  5
5 .  P r o c e s s i n g  t i m e s  a r e  r andom ly  c h o se n  from an e x p o n e n t i a l  d i s t r i b u ­
t i o n  w i t h  a mean o f  50 t im e  p e r i o d s
6 .  T h ree  d i s p a t c h i n g  r u l e s  a r e  u s e d - - f l r s t  come, f i r s t  s e r v e d ;  s h o r t e s t  
Imminent o p e r a t i o n ,  and  e a r l i e s t  due d a t e
7.  A same jo b  f i l e  o f  1 ,0 0 0  j o b s  i s  s i m u l a t e d  f o r  e ac h  d i s p a t c h i n g  
r u l e
^LeRoy J .  K r a j e w s k i ,  S t e p h e n  H. Goodman, and  A u l j l t  B a n a r j e e ,  
"M a in te n a n c e  P o l i c i e s  and t h e  Job Shop S c h e d u l i n g  P r o b l e m , "  P r p c e a d f o gs 
o f  S i x t h  Annual  M ee t in g  o f  t h e  A m er ican  I n s t i t u t e  f o r  D e c i s i o n  S c i e n c e s  
( A t l a n t a ,  G e o r g i a :  n . p . ,  1 9 7 4 ) ,  p p .  3 1 2 -3 1 5 .
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8 .  F i v e  p e r f o r m a n c e  m e a s u re s  a r e  em p loyed- -m ean  f low  t i m e ,  mean t a r d i ­
n e s s ,  s t a n d a r d  d e v i a t i o n  o f  t a r d i n e s s ,  t o t a l  t a r d y  p e r i o d s ,  and 
p e r c e n t  shop u t i l i z a t i o n
R e s u l t s  u n d e r  c o n d i t i o n s  o f  no m ach ine  f a i l u r e s  were  c o n s i s ­
t e n t  w i th  p r e v i o u s  r e s e a r c h .  The s h o r t e s t  p r o c e s s i n g  t im e  r u l e  
p e r fo rm ed  b e s t  w i t h  r e g a r d s  t o  mean f low  t im e  and shop u t i l i z a t i o n  
w h i l e  t h e  f i r s t  come, f i r s t  s e r v e d  r u l e  had t h e  p o o r e s t  p e r f o r m a n c e .
For  t h e  same m e a s u r e s ,  th e  e a r l i e s t  due d a t e  r u l e  p e r f o r m e d  somewhat 
worse  t h a n  th e  s h o r t e s t  p r o c e s s i n g  t im e  r u l e  and b e t t e r  t h a n  th e  f i r s t  
come, f i r s t  s e r v e d  r u l e .  I n  t e rm s  o f  t a r d i n e s s  m e a s u r e s ,  t h e  e a r l i e s t  
due d a t e  r u l e  was by f a r  th e  b e s t  and s h o r t e s t  p r o c e s s i n g  t im e  r u l e  
t h e  w o r s t .
When t h e  m ach ine  f a i l u r e s  were  i n t r o d u c e d  t h e  f o l l o w i n g  c o n ­
d i t i o n s  were  imposed on t h e  m ode l .  For  e ac h  m a ch in e ,  t im e  be tween 
s u c c e s s i v e  f a i l u r e s  a r e  E r l a n g  d i s t r i b u t e d  w i t h  a mean o f  300 t ime 
p e r i o d s  and a shape  p a r a m e t e r  o f  f o u r . ^  M ach ines  f a i l  o n l y  w h i l e  
p e r f o r m i n g  an  o p e r a t i o n  w i t h  r e p a i r  s t a r t e d  i m m e d i a t e l y .  R e p a i r  t im e s  
f o r  a l l  m ach in es  were  s e l e c t e d  random ly  from an e x p o n e n t i a l  d i s t r i b u ­
t i o n  w i t h  a mean o f  e i g h t y  t im e  p e r i o d s .  F i n a l l y ,  when f a i l u r e  o c c u r s ,  
the  Job i s  removed from t h e  m a c h i n e - - r e p a i r  a c c o m p l i s h e d - - a n d  t h e  job  
c o m p le ted  w i t h  no a l l o w a n c e s  f o r  s c r a p  o r  r e w o rk .
Under t h e s e  c o n d i t i o n s  t h e  r e l a t i v e  p e r fo rm a n c e  o f  e ach  d i s ­
p a t c h i n g  r u l e  was c o n s i s t e n t  w i t h  r e s u l t s  o b t a i n e d  f o r  no machine 
f a i l u r e s .  The a u t h o r s  c o n c l u d e  t h a t  f o r  a l l  r u l e s  mean flow time i n c r e a s e d
1The c h a r a c t e r i s t i c s  o f  t h e  E r l a n g  d i s t r i b u t i o n  a r e  d i s c u s s e d  
in  a p p e n d i x  A.
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s l i g h t l y  w h i l e  shop  u t i l i z a t i o n  d e t e r i o r a t e d  somewhat.  The e a r l i e s t  
due d a t e  r u l e  was a f f e c t e d  most by th e  I n t r o d u c t i o n  o f  m ach ine  f a i l u r e s ,  
b u t ,  In  s p i t e  o f  t h i s ,  s t i l l  o u t  p e r fo r m e d  t h e  o t h e r  two r u l e s .  I t  
s h o u ld  be p o i n t e d  o u t  t h a t  no s t a t i s t i c a l  a n a l y s i s  was u s e d  t o  a n a l y z e  
d i f f e r e n c e s  be tw een  p e r f o r m a n c e  m e a s u r e s .  I n s t e a d ,  c o m p a r i so n s  were  
b a s e d  on t h e  c a l c u l a t e d  v a l u e s  o f  e ach  m e a s u r e .
I m p l i c a t i o n s  o f  t h e  Rev 1few 
S e v e r a l  o b s e r v a t i o n s  can  be made a b o u t  t h e  r e s e a r c h  on s e q u e n c ­
in g  r u l e s  and dynamic job  s h o p s .  E x t e n s i v e  i n v e s t i g a t i o n s  c o n d u c te d  
u s i n g  s i m u l a t i o n  t e c h n i q u e s  i n d i c a t e  t h a t  t h i s  a p p ro a c h  i s  u s e f u l  i n  
e v a l u a t i n g  a wide  v a r i e t y  o f  s e q u e n c i n g  r u l e s .  A l a r g e  number o f  r u l e s  
have  been  s t u d i e d ,  and  r e l a t i v e l y  c o n s i s t e n t  r e s u l t s  have  documented 
t h e  p e r f o r m a n c e  o f  s e v e r a l  c l a s s i c a l  r u l e s .  I n  a d d i t i o n ,  r e s e a r c h  
i n d i c a t e s  t h a t  t h i s  p e r f o r m a n c e  i s  n o t  s i g n i f i c a n t l y  a f f e c t e d  by 
c h an g e s  i n  shop s i z e  o r  shop  t y p e .  I n  most s t u d i e s  e x p o n e n t i a l  I n t e r ­
r i v a l  and p r o c e s s i n g  t i m e s  were  employed w i t h  an  a v e r a g e  shop u t i l i z a ­
t i o n  o f  90 p e r c e n t .  F i n a l l y ,  few I n v e s t i g a t i o n s  i n c l u d e  th e  p o s s i b i l i t y  
o f  machine  breakdowns and o n l y  one h a s  r e p o r t e d  s p e c i f i c  c o n s i d e r a t i o n  
o f  t h e  e f f e c t  o f  machine  f a i l u r e s  on s e q u e n c i n g  r u l e  p e r f o r m a n c e .
CHAPTER i n
RESEARCH METHODOLOGY
The f i r s t  s e c t i o n  o f  t h i s  c h a p t e r  p r e s e n t s  th e  e x p e r i m e n t a l  
d e s i g n  employed i n  t h i s  r e s e a r c h .  I n  t h e  n e x t  s e c t i o n ,  t h e  s e l e c t i o n  
o f  shop  s i z e  and f low  p a t t e r n s  f o r  the  job  shop model a r e  d i s c u s s e d .  
O p e r a t i o n  of  t h e  s i m u l a t i o n  model and  p r o c e d u r e s  employed t o  v a l i d a t e  
t h e  model a r e  d e s c r i b e d  i n  t h e  t h i r d  and f o u r t h  s e c t i o n s ,  r e s p e c t i v e l y .  
R e s u l t s  o f  p i l o t  e x p e r i m e n t s  c o n d u c te d  t o  d e t e r m i n e  d a t a  and i n t e r r u p t  
b l o c k  s i z e ,  breakdown and r e p a i r  d u r a t i o n s ,  s t e a d y  s t a t e  c o n d i t i o n s  
and sample  s i z e  a r e  p r o v i d e d  i n  t h e  l a s t  s e c t i o n .
R e s e a r c h  Model
The p r i n c i p a l  o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  t o  e v a l u a t e  t h e  
im p ac t  o f  m ach ine  f a i l u r e s  on th e  p e r f o r m a n c e  o f  j o b  shop  s c h e d u l i n g  
r u l e s .  A s e c o n d a r y  o b j e c t i v e  i s  t o  I n v e s t i g a t e  t h e  e f f e c t  on p e r f o r m ­
a n ce  m e a s u re s  o f  d i f f e r e n t  jo b  a r r i v a l  and s e r v i c e  t im e  p a t t e r n s .
Four  key  v a r i a b l e s  o f  i n t e r e s t  c an  be I d e n t i f i e d  from th e  
r e s e a r c h  o b j e c t i v e s :  ( 1 )  m ach ine  f a i l u r e  d i s t r i b u t i o n s ,  ( 2 )  s c h e d u l ­
in g  r u l e s ,  ( 3 )  job  i n t e r a r r i v a l  t im e  d i s t r i b u t i o n s ,  and  ( 4 )  s e r v i c e  
t im e  d i s t r i b u t i o n s .  A f u l l  f a c t o r i a l  e x p e r i m e n t a l  d e s i g n  was s e l e c t e d  
so  t h a t  t h e  f o u r  v a r i a b l e s  c o u ld  be combined I n t o  one r e s e a r c h  m o d e l .  
With  t h i s  d e s i g n  t h e  e f f e c t  o f  c h an g e s  i n  one v a r i a b l e  can  be e a s i l y  
examined as  w e l l  a s  t h e  I n t e r a c t i o n  e f f e c t s  t h a t  m ig h t  e x i s t  among t h e  
v a r i a b l e s .
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S i n c e  t h i s  r e s e a r c h  i s  b a s e d  upon  a h y p o t h e t i c a l  j o b  shop  m o d e l ,  
no e m p i r i c a l  d a t a  a r e  a v a i l a b l e  f o r  s p e c i f y i n g  t h e  s t a t e s  o f  e ach  v a r i ­
a b l e .  Thus ,  t h e  p ro b le m  becomes one o f  s e l e c t i n g  c o n d i t i o n s  t h a t  a r e  
r e p r e s e n t a t i v e  o f  r e a l  s i t u a t i o n s .
Machine f a i l u r e  d i s t r i b u t i o n s
A c t u a l  b reakdown d i s t r i b u t i o n s  o f t e n  have  a l a r g e  v a r i e t y  o f  
s h a p e s .  However,  Morse s u g g e s t s  t h a t  t h e  E r l a n g ,  e x p o n e n t i a l ,  and 
h y p e r - e x p o n e n t i a l  d i s t r i b u t i o n s  can  o f t e n  be u s e d  t o  r e p r e s e n t  d i f f e r e n t  
machine  f a i l u r e  p a t t e r n s . ^  F o r  e x a m p l e ,  m a ch in es  t h a t  have  a v a r i e t y  
of  moving p a r t s  o r  which  r e q u i r e  a d j u s t m e n t s  t h a t  f a i l  i n  a random 
manner o f t e n  h a v e  breakdown d i s t r i b u t i o n s  t h a t  a r e  a p p r o x i m a t e l y  e x p o ­
n e n t i a l  i n  s h a p e .  With  t h i s  ty p e  o f  d i s t r i b u t i o n  t im e  i n t e r v a l s  b e tw ee n  
breakdowns  a r e  i n d e p e n d e n t .
M ach ines  t h a t  a r e  d e p e n d e n t  upon  f i n e  a d j u s t m e n t s  t o  o p e r a t e  
p r o p e r l y  may e x h i b i t  more o p e r a t i n g  p e r i o d s  t h a t  a r e  o f  e i t h e r  lo n g  o r  
s h o r t  d u r a t i o n .  A l o n g e r  p e r i o d  would  r e p r e s e n t  a s u c c e s s f u l  a d j u s t m e n t  
w h i l e  a s h o r t e r  p e r i o d  c o u l d  be  c a u s e d  by a n  u n s u c c e s s f u l  a d j u s t m e n t .  
Machine f a i l u r e s  o f  t h i s  ty p e  a r e  o f t e n  r e p r e s e n t e d  by a h y p e r - e x p o ­
n e n t i a l  d i s t r i b u t i o n .  T h i s  d i s t r i b u t i o n  d e p a r t s  from t h e  random ness  
o f  the  e x p o n e n t i a l  w i t h  more v e r y  lo n g  and v e r y  s h o r t  t im e  I n t e r v a l s  
be tw een  b re a k d o w n s .
M ach ines  w i th  few moving p a r t s  f r e q u e n t l y  o p e r a t e  f o r  r e l a t i v e l y  
c o n s t a n t  p e r i o d s  o f  t im e  b e f o r e  f a i l u r e .  An E r l a n g  d i s t r i b u t i o n  may be
P h i l i p  M. M orse ,  Q u eu es .  I n v e n t o r i e s  and  M a i n t e n a n c e . (New 
York: Jo h n  W iley  & S o n s ,  1 9 5 8 ) ,  p .  158.  The r e a d e r  i s  r e f e r r e d  t o
a p p e n d i x  A f o r  a d e s c r i p t i o n  o f  t h e s e  d i s t r i b u t i o n s .
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a p p r o p r i a t e  f o r  t h i s  c a s e  b e c a u s e  I t  y i e l d s  fe w er  lo n g  and s h o r t  I n t e r ­
v a l s  t h a n  th e  e x p o n e n t i a l .
T hus ,  f o r  t h i s  r e s e a r c h  th e  e x p o n e n t i a l ,  E r l a n g ,  and h y p e r -  
e x p o n e n t l a l  d i s t r i b u t i o n s  were  s e l e c t e d  a s  r e p r e s e n t a t i v e  d i s t r i b u t i o n s  
f o r  t im e  i n t e r v a l s  b e tw ee n  machine  f a i l u r e s .  O b v i o u s l y ,  t h e s e  t h r e e  
d i s t r i b u t i o n s  a r e  n o t  r e p r e s e n t a t i v e  o f  a l l  a c t u a l  breakdown c h a r a c t e r ­
i s t i c s .  However,  t h e y  a r e  r e a s o n a b l e  and do p r e s e n t  a r a t h e r  d i v e r s e  
r a n g e  o f  c o n d i t i o n s .
The d e g r e e  o f  d e p a r t u r e  from random ness  ( e x p o n e n t i a l )  f o r  b o th  
t h e  E r l a n g  and h y p e r - e x p o n e n t i a l  d i s t r i b u t i o n  I s  d e t e r m i n e d  by a shape  
p a r a m e t e r .  A p a r a m e t e r  o f  t e n  was c h o s e n  f o r  t h e  E r l a n g  t o  r e p r e s e n t  
n e a r l y  c o n s t a n t  t i m e s .  T h i s  y i e l d s  an  a p p r o x i m a t e l y  s y m e t r i c a l  d i s t r i ­
b u t i o n  w i t h  a v a r i a n c e  o f  one t e n t h  t h a t  o f  a n  e x p o n e n t i a l  w i t h  t h e  same 
mean. Fo r  t h e  h y p e r - e x p o n e n t i a l  d i s t r i b u t i o n  a s h ap e  p a r a m e t e r  o f  
.2113 i s  u s e d  which r e s u l t s  In  a v a r i a n c e  t w i c e  t h a t  o f  an  e x p o n e n t i a l  
d i s t r i b u t i o n . *
S c h e d u l i n g  p r o c e d u r e s
F i v e  d i s p a t c h i n g  r u l e s  f r e q u e n t l y  employed i n  r e s e a r c h  and
2
i n d u s t r y  were  c h o se n  a s  l e v e l s  o f  t h e  s c h e d u l i n g  p r o c e d u r e s  f a c t o r .
The r u l e B  employed a r e ;  f i r s t  In  t h e  s y s t e m ,  f i r s t  s e r v e d  (F1SFS);
^Shape p a r a m e t e r s  t h a t  g i v e  v a r i a n c e s  g r e a t e r  t h a n  t w i c e  t h a t  
o f  a com parab le  e x p o n e n t i a l  d i s t r i b u t i o n  were  e l i m i n a t e d  f rom  f u r t h e r  
c o n s i d e r a t i o n  when t e s t s  o f  t h e  h y p e r - e x p o n e n t l a  1 g e n e r a t o r  i n d i c a t e d  
t h a t  t h e s e  p a r a m e t e r s  y i e l d e d  t im e  I n t e r v a l s  b e tw ee n  b reakdowns  t h a t  
e x c e e d  t im e  b l o c k  s i z e  by a f a c t o r  o f  f o r t y .
Conway, J o h n s o n ,  and  M axw el l ,  An Exoey <m en ta l  I n v e s t i g a t i o n  o f  
P r i o r i t y  D i s p a t c h i n g , p .  2 2 2 .
27
f i r s t  c o n e ,  f i r s t  s e r v e d  (FCFS);  s h o r t e s t  i m n i n e n t  o p e r a t i o n  (S I O ) ;  
dynamic s l a c k  (DSIACK); and s t a t i c  s l a c k  (SSLACK).1 The f i r s t  and 
second  p r o c e d u r e s  a r e  a r r i v a l  o r d e r  r u l e s  t h a t  a s s i g n  h i g h e s t  p r i o r i t y  
t o  f i r s t  a r r i v a l s  i n  t h e  s y s t e m  and a t  a p a r t i c u l a r  machine  r e s p e c t i v e l y .  
The s h o r t e s t  imminent  o p e r a t i o n  p r o c e d u r e  i s  a Job p r o p e r t y  r u l e  t h a t  
s e l e c t s  t h e  j o b  r e q u i r i n g  t h e  l e a s t  p r o c e s s i n g  t im e  from j o b s  w a i t i n g  
t o  be s e r v i c e d  a t  a m a c h i n e .  The l a s t  two p r o c e d u r e s  a r e  l a t e n e s s  r u l e s  
t h a t  em phas ize  th e  im p o r t a n c e  of  m e e t i n g  a s s i g n e d  due d a t e s .  S t a t i c  
s l a c k  c o n s i d e r s  o n l y  the  due d a t e  w h i l e  dynamic s l a c k  c o n s i d e r s  r e m a i n ­
in g  p r o c e s s i n g  t im e  a s  w e l l  a s  t h e  due d a t e .
I n t e r a r r i v a l  and s e r v i ce fT1ilwpg
T h ree  d i s t r i b u t i o n s - - e x p o n e n t i a l , E r l a n g  w i t h  shape  p a r a m e t e r  o f  
t e n ,  and  u n i f o r m - - m a k e  up  t h e  l e v e l s  o f  t h e  Job i n t e r a r r i v a l  t im e  and 
s e r v i c e  t im e  f a c t o r s .  The e x p o n e n t i a l  d i s t r i b u t i o n  i s  u s e d  b e c a u s e  i t  
was employed e x t e n s i v e l y  i n  p r e v i o u s  r e s e a r c h  and  h a s  some e m p i r i c a l  
j u s t i f i c a t i o n . ^  E r l a n g  and u n i f o r m  d i s t r i b u t i o n s  a r e  I n c l u d e d  a s  two 
l e v e l s  t o  r e p r e s e n t  r a t h e r  d i v e r s e  d i s t r i b u t i o n s .
F u l l  f a c t o r i a l  d e s i g n
The f a c t o r s  and l e v e l s  o f  t h e  r e s u l t i n g  5x3x3x4 f u l l  f a c t o r i a l  
d e s i g n  a r e  l i s t e d  b e lo w .
A. S c h e d u l i n g  R u le
1. F i r s t  i n  t h e  s y s t e m ,  f i r s t  s e r v e d
These  r u l e s  a r e  f o r m a l l y  d e f i n e d  i n  t h e  G l o s s a r y .
2Rudolph  R e i n t z ,  "On t h e  Jo b  Shop S c h e d u l i n g  P r o b l e m , "  c i t e d  i n  
J o h n  F.  Muth and G e r a l d  P .  Thompson, e d s . ,  I n d u s t r i a l  S c h e d u l i n g . 
(Englewood C l i f f s ,  New J e r s e y :  P r e n t i c e - H a l l , 19 6 3 ) .
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2.  F i r s t  come, f i r s t  s e r v e d
3 .  S h o r t e s t  imminent o p e r a t i o n
4 .  Dynamic s l a c k  
3 .  S t a t i c  s l a c k
B. I n t e r a r r i v a l  Time D i s t r i b u t i o n
1. E x p o n e n t l a l
2 .  E r l a n g  w i t h  shape  p a r a m e t e r  o f  t e n
3 .  Un ifo rm
C .  S e r v i c e  Time D i s t r i b u t i o n
1. E x p o n e n t ia l
2 .  E r l a n g  w i t h  shape  p a r a m e t e r  o f  t e n
3 .  Un ifo rm
D. Time Between Breakdown D i s t r i b u t i o n
1. H y p e r - e x p o n e n t i a l  w i t h  v a r i a n c e  p a r a m e t e r  of  .2133
2. E x p o n e n t i a l
3 .  E r l a n g  w i th  shape  p a r a m e t e r  o f  t e n
4 .  No machine  b reakdowns
I n  t h e  f o l l o w i n g  s e c t i o n s ,  t r e a t m e n t s  a r e  I d e n t i f i e d  by  a f o u r  
d i g i t  number r e p r e s e n t i n g  f o r  e ac h  f a c t o r  t h e  p a r t i c u l a r  l e v e l s  b e i n g  
t e s t e d .  F o r  ex am p le ,  t r e a t m e n t  1111 i s  c o m p r i s e d  o f  t h e  f i r s t  l e v e l  
from e ach  o f  t h e  f o u r  f a c t o r s - - f i r s t  i n  t h e  s y s t e m ,  f i r s t  s e r v e d  
s c h e d u l i n g  r u l e ;  e x p o n e n t i a l  i n t e r a r r i v a l  t im e  and s e r v i c e  t im e  d i s t r i ­
b u t i o n s ,  and h y p e r - e x p o n e n t i a l  t im e  be tw een  breakdown d i s t r i b u t i o n .
S e l e c t i o n  o f  Shop C o n f i g u r a t i o n  
The r e v i e w  o f  r e s e a r c h  c o n d u c te d  on dynamic Job  shops  i n d i c a t e s  
t h a t  a w ide  r a n g e  o f  shop s i z e s  and Job f low  p a t t e r n s  have  been
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B t u d l e d - - f r o m  shop s i z e s  o f  2 t o  115 m ach ine  c e n t e r s , and f low  p a t t e r n s  
o f  p u re  job  shop t o  p u re  f low  shop .  T h i s  r e s e a r c h  a l s o  s u g g e s t s  t h a t  
shop  s i z e  and type  h a s  l i t t l e ,  i f  a n y ,  e f f e c t  on t h e  p e r fo rm a n c e  o f  
t h e  s c h e d u l i n g  r u l e s  s t u d i e d .
Thus ,  a p u r e  job  shop w i t h  t e n  m ach ines  was s e l e c t e d  as  th e  
h y p o t h e t i c a l  shop  f o r  t h i s  d i s s e r t a t i o n .  T h i s  s e l e c t i o n  was s t r o n g l y  
i n f l u e n c e d  by com pu te r  c o r e  r e q u i r e m e n t s  and  e s t i m a t e d  com pute r  p r o c e s s ­
ing  t i m e s  f o r  t h e  s i m u l a t i o n  m ode l .  P r e l i m i n a r y  r e s u l t s  i n d i c a t e d  t h a t  
t h i s  c o n f i g u r a t i o n  would r e q u i r e  a p p r o x i m a t e l y  150K o f  c o re  and 2 
m i n u t e s  o f  CPU t im e  t o  e x e c u t e  one e x p e r i m e n t .  These  f i g u r e s  were 
a c c e p t a b l e  when e x t e n d e d  t o  t h e  5x3x3x4 f u l l  f a c t o r i a l  e x p e r i m e n t a l  
d e s i g n .  I n  a d d i t i o n ,  when v a l i d a t i n g  th e  s i m u l a t i o n  m ode l ,  t h i s  c o n ­
f i g u r a t i o n  would a l l o w  c o m p a r i s o n s  t o  p r e v i o u s  r e s e a r c h  r e s u l t s .
Jo b  Shoo Model
The jo b  shop  model o p e r a t e s  u n d e r  t h e  f o l l o w i n g  a s s u m p t io n s :
1.  A r r i v a l  t i m e s ,  p r o c e s s i n g  t i m e s , and t im e s  b e tw ee n  machine  b r e a k ­
down a r e  g e n e r a t e d  from s t a t e d  d e n s i t y  f u n c t i o n s
2 .  Mean a r r i v a l  r a t e ,  mean s e r v i c e  r a t e ,  and mean m ach ine  f a i l u r e  r a t e
a r e  each  s e t  so a s  t o  p r e v e n t  c o n t i n u a l  shop o v e r l o a d
3 .  Shop c a p a c i t y  i s  f i x e d  a t  t e n  machine  c e n t e r s  o f  one machine  each  
(n o  s u b c o n t r a c t i n g  o r  o v e r t i m e  i s  p e r m i t t e d )
4 .  G e n e r a t i o n  o f  t h e  jo b  r o u t e  ( p u r e  j o b  shop r o u t i n g )  does  n o t  a l l o w
c o n s e c u t i v e  o p e r a t i o n s  on th e  same machine
5 .  M achines  a r e  n e v e r  u n a b l e  t o  p e r f o r m  an  o p e r a t i o n  f o r  l a c k  o f  
m a t e r i a l s ,  t o o l s ,  o r  a n  o p e r a t o r
6 .  Each o p e r a t i o n ,  once s t a r t e d ,  must  be p e r f o r m e d  t o  c o m p l e t i o n
7. Due d a t e s  a r e  f i x e d
8 .  S e tu p  t ime f o r  e ac h  o p e r a t i o n  i s  i n c l u d e d  i n  t h e  p r o c e s s i n g  t im e  o f  
t h e  job  b e i n g  s e r v i c e d
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9 .  Move t im e  f o r  a l l  Jobs  be tw een  m ach in e s  I s  n e g l i g i b l e
10 .  A l t e r n a t e  r o u t i n g  i s  n o t  p e r m i t t e d
11. L a p - p h a s i n g  I s  n o t  p e r m i t t e d
12. L o t - s p l i t t i n g  I s  n o t  a l l o w e d
13. No a l l o w a n c e  i s  made f o r  s c r a p  o r  rework
14.  Machine f a i l u r e  d i s t r i b u t i o n s  a r e  i d e n t i c a l  f o r  a l l  m ach ines
15.  Machine  b reakdowns  o c c u r  d u r i n g  o p e r a t i o n - - t h e  p a r t i a l l y  c o m p le te d  
o p e r a t i o n  re sum es  i m m e d ia t e ly  a f t e r  r e p a i r  w i th  no a l l o w a n c e  f o r  
s c r a p  o r  rework
16.  R e p a i r  t ime  f o r  a l l  m ach in es  i s  a c o n s t a n t  5 p e r c e n t  o f  mean t ime  
be tw een  breakdowns
17. Any s t a t i s t i c s  t o  be g a t h e r e d  a r e  d e t e r m i n e d  when t h e  s y s te m  i s  
o p e r a t i n g  u n d e r  s t e a d y  s t a t e  c o n d i t i o n s
Hie shop i s  s i m u l a t e d  by a v a r i a b l e  t ime i n c r e m e n t  model p r o ­
grammed i n  F o r t r a n  IV on an  IBM 360 c o m p u te r .*  P rog ram  SHOP c o n t r o l s  
t h e  s i m u l a t i o n  and i s  s u p p o r t e d  by up t o  s e v e n t e e n  su b p rog ram s  d ep en d ­
in g  upon e x p e r i m e n t a l  c o n d i t i o n s .  The f low  c h a r t  i n  f i g u r e  1 
r e p r e s e n t s  t h e  o p e r a t i o n  l o g i c  o f  p rogram  SHOP.
S i m u l a t i o n  b e g i n s  w i t h  i n i t i a l i z a t i o n  o f  e x p e r i m e n t a l  c o n d i t i o n s  
and p a r a m e t e r s .  G iven  t h e s e  v a l u e s ,  r u n  t im e  t o  t h e  f i r s t  breakdown 
i s  d e t e r m i n e d  f o r  each  m a ch in e .  I n  t h e  o p e r a t i o n  o f  t h e  model ,  s u b ­
p rog ram  MINL s e l e c t s  t h e  n e x t  e v e n t  t o  o c c u r  from a l i s t  o f  imminent 
e v e n t s .  A c t i v i t i e s  a s s o c i a t e d  w i t h  t h e  p a r t i c u l a r  e v e n t  a r e  t h e n  
a c c o m p l i s h e d  and th e  p rog ram  b r a n c h e s  back  t o  c a l l  MINL.
*The model i s  p a t t e r n e d  a f t e r  a t h r e e  m ach ine  f low  shop s i m u l a ­
t i o n  model d e s c r i b e d  by M ic h a e l  H. P e t e r s ,  " O p t im a l  S t a t i c  Job  Shop 
S c h e d u le s  Under Dynamic C o n d i t i o n s , "  (P h .D .  d i s s e r t a t i o n ,  I n d i a n a  
U n i v e r s i t y ,  1 9 7 1 ) ,  p p .  1 9 -2 4 .
2
Flow c h a r t s  f o r  s u p p o r t i n g  s u b r o u t i n e s  a r e  p r e s e n t e d  in  
a p p e n d ix  B.
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Shop r e l a t e d  e v e n t s  I n c l u d e  jo b  a r r i v a l s  and t e r m i n a t i o n  o f  
machine  p r o c e s s i n g  and r e p a i r  o p e r a t i o n s .  Data  c o l l e c t i o n  e v e n t s  
i n v o l v e  c o m p l e t i o n  o f  t im e  b l o c k s  and i n t e r r u p t  b l o c k s ,  ' ftiese l a s t  
two e v e n t s  a r e  e x p l a i n e d  i n  t h e  d a t a  c o l l e c t i o n  s e c t i o n  o f  t h i s  c h a p t e r .  
O p e r a t i o n  of  t h e  model i s  p r e s e n t e d  by c o n s i d e r i n g  each  shop r e l a t e d  
e v e n t  and i t s  a s s o c i a t e d  a c t i v i t i e s .
Program SHOP i s  d e s i g n e d  t o  b e g i n  each  s i m u l a t i o n  w i t h  a job  
a r r i v a l  a t  t im e  z e r o .  The a r r i v a l  i s  a s s i g n e d  t o  a ;ob b l o c k ,  and 
i t s  l o c a t i o n . i n  t h a t  b lo c k  i s  r e c o r d e d .  I n  a d d i t i o n ,  t h e  j o b  i s  g iv e n  
a s eq u e n c e  in d ex  t o  be u sed  when machine  s c h e d u l i n g  i s  b a se d  on a r r i v a l  
o r d e r .  N e x t ,  a random r o u t e  o f  up t o  t e n  o p e r a t i o n s  i s  g e n e r a t e d  by 
subprogram  ROUTE. A f t e r  m ach ine  p r o c e s s i n g  t im e s  a r e  d e t e r m i n e d  s u b ­
p ro g ram  DUEDTE computes  t h e  J o b ' s  due d a t e .  A l lo w a b le  shop t im e  i s  
s e t  a t  s i x  t im e s  t o t a l  p r o c e s s i n g  r e q u i r e m e n t s .
B e f o r e  t h e  a r r i v a l  i s  moved t o  t h e  f i r s t  machine  i n  i t s  r o u t e ,  
t h e  n e x t  a r r i v a l  t im e  i s  g e n e r a t e d  and p l a c e d  on HINL's  i n m ln e n t  e v e n t  
l i s t .  I f  t h e  f i r s t  machine  i n  t h e  j o b ' s  r o u t e  i s  n o t  o c c u p i e d ,  t h e  
d i f f e r e n c e  o f  t im e  r e m a i n i n g  t o  breakdown f o r  t h a t  m a c h i n e ,  and  t h e  
J o b ' s  p r o c e s s i n g  t im e  i s  com puted .  The in m ln e n t  e v e n t  l i s t  i s  u p d a t e d  
by t o t a l  o p e r a t i o n  t i m e ,  i f  t h e  d i f f e r e n c e  i s  p o s i t i v e .
When th e  d i f f e r e n c e  i s  n e g a t i v e ,  a p a r t i a l  c o m p l e t i o n  i s  
i n d i c a t e d  and th e  breakdown t im e  i s  p l a c e d  on MINL's l i s t .  I f  t h e  
machine  i s  o c c u p i e d ,  when t h e  jo b  a r r i v e s ,  t h e  a r r i v a l  i s  p l a c e d  in  
i t s  queue and t h e  p rog ram  b r a n c h e s  back  t o  c a l l  MINL f o r  d e t e r m i n a t i o n  
o f  t h e  n e x t  imminent e v e n t .
Assume t h a t  t e r m i n a t i o n  o f  a m ach ine  o p e r a t i o n  i s  t h e  n e x t  
e v e n t  t o  o c c u r .  The machine  i s  f i r s t  checked  t o  s ee  i f  t h i s  i s  a
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c o m p le te d  o p e r a t i o n  o r  a b reakdow n.  I f  p r o c e s s i n g  on s  jo b  I s  c o m p l e t e d ,  
t h e  Job b l o c k  and l o c a t i o n  number a r e  n o t e d  and t h e  m a c h i n e ' s  queue  I s  
checked  f o r  w a i t i n g  j o b s .  The a p p r o p r i a t e  s c h e d u l i n g  r u l e  I s  a p p l i e d  
I f  j o b s  a r e  In  t h e  q u e u e ,  o t h e r w i s e ,  t h e  machine  I s  f l a g g e d  a s  u n o c c u ­
p i e d .  Subprogram UPDATE i s  t h e n  c a l l e d  t o  d e t e r m i n e  i f  t h e  Job coming 
o f f  t h e  machine  r e q u i r e s  a d d i t i o n a l  o p e r a t i o n s .  I f  t h i s  was t h e  l a s t  
o p e r a t i o n  th e  c o m p l e t i o n  t im e  i s  n o t e d  and t h e  j o b  s t a t i s t i c s  a r e  
s t o r e d .  The job  i s  d i r e c t e d  to  t h e  n e x t  machine  on i t s  r o u t e  when 
a d d i t i o n a l  o p e r a t i o n s  a r e  r e q u i r e d .  The p rogram  t h e n  c a l l s  MINL t o  
d e t e r m i n e  th e  n e x t  Imminent e v e n t .
When a m ach ine  o p e r a t i o n  t e r m i n a t e s  b e c a u s e  o f  a b reakdown,  
t h e  machine  I s  f l a g g e d  a s  down f o r  r e p a i r s  and s u b p ro g ram  REPAIR I s  
c a l l e d .  A new t im e  t o  n e x t  breakdown I s  g e n e r a t e d  upon c o m p l e t i o n  o f  
r e p a i r s .  The p a r t i a l l y  co m p le ted  jo b  i s  t h e n  r e t u r n e d  t o  t h e  machine  
and  p r o c e s s i n g  i s  re su m ed .  I t  s h o u l d  be n o t e d  t h a t  w henever  a job  I s  
p l a c e d  on a machine  ( t o  b e g i n  a new o p e r a t i o n  o r  f i n i s h  a p a r t i a l  
c o m p l e t i o n )  checks  a r e  made t o  Bee i f  t h e  r e q u i r e d  p r o c e s s i n g  t ime  
e x ce e d s  t im e  t o  t h e  n e x t  b reakdown.
Data  c o l l e c t i o n
Data  a r e  c o l l e c t e d  on n i n e  m e a s u re s  o f  shop  p e r f o r m a n c e .  Machine 
u t i l i z a t i o n ,  I n v e n t o r y  by c o u n t ,  and i n v e n t o r y  by c o n t e n t  a r e  th e  d a t a  
r e c o r d e d  a b o u t  t h e  s h o p ' s  pe rm anen t  e n t i t l e s .  J o b s  a r e  t h e  s h o p ' s  
t e m p o r a r y  e n t i t l e s  and  p r o v i d e  d a t a  on t h e  mean and s t a n d a r d  d e v i a t i o n  
o f  f low  t i m e ,  l a t e n e s s ,  and t a r d i n e s s .  Time b l o c k s  a r e  fh e  b a s i s  o f  
d a t a  c o l l e c t i o n  f o r  p e rm a n en t  e n t i t l e s  w h i l e  j o b  b l o c k s  a r e  employed 
f o r  t e m p o ra ry  e n t i t l e s .
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Time b l o c k s  a r e  a s p e c i f i e d  p e r i o d  d u r i n g  which  o b s e r v a t i o n s  
on machine  u t i l i z a t i o n  and  i n v e n t o r y  l e v e l s  a r e  r e c o r d e d .  At t h e  end 
o f  t h e  p e r i o d  b l o c k  s t a t i s t i c s  a r e  computed and s t o r e d .  I n  an e f f o r t  
t o  r e d u c e  s e r i a l  c o r r e l a t i o n ,  t im e  b l o c k s  a r e  s e p a r a t e d  by I n t e r r u p t  
b l o c k s .  Thus ,  f o r  t h e  d u r a t i o n  o f  an i n t e r r u p t  b l o c k  no d a t a  a r e  
c o l l e c t e d .  The i n i t i a t i o n  and t e r m i n a t i o n  o f  t im e  and i n t e r r u p t  b l o c k s  
i s  c o n t r o l l e d  by i n c l u d i n g  t h e s e  a s  e v e n t s  on t h e  imminent e v e n t  l i s t .
When j o b s  a r r i v e  i n  t h e  sy s tem  t h e y  a r e  e i t h e r  p l a c e d  i n  an  
open  Job b l o c k  f o r  d a t a  c o l l e c t i o n  p u r p o s e s ,  o r  f l a g g e d  a s  p a r t  o f  an  
i n t e r r u p t  b l o c k .  A r r i v a l  t i m e s ,  due d a t e s ,  and c o m p l e t i o n  t im e s  a r e  
r e c o r d e d  by Job b l o c k  number and  p o s i t i o n  number f o r  t h o s e  j o b s  a s s i g n e d  
to  b l o c k s .  Block  s t a t i s t i c s  a r e  computed and s t o r e d  o n ly  when a l l  j o b s  
on a b l o c k  a r e  c o m p l e t e d .  The b l o c k  i s  t h e n  c l e a r e d  and r e t u r n e d  f o r  
f u r t h e r  u s e .  S i n c e  some jo b s  may r e m a i n  in  t h e  s y s te m  a r e l a t i v e l y  
long  p e r i o d ,  s e v e r a l  jo b  b l o c k s  may be i n  e x i s t e n c e  a t  t h e  same t i m e .
I f  a Job i s  f l a g g e d  a s  h a v in g  a r r i v e d  d u r i n g  an i n t e r r u p t  p e r i o d  i t  I s  
n o t  u s e d  f o r  d a t a  c o l l e c t i o n .  When t h e  s p e c i f i e d  number o f  t im e  and 
jo b  b l o c k s  have  b e en  c o l l e c t e d  e s t i m a t e s  o f  summary means and v a r i a n c e s  
a r e  c a l c u l a t e d  and p r i n t e d ,  a f t e r  w h ic h ,  t h e  s i m u l a t i o n  i s  t e r m i n a t e d .
E x p e r i m e n t a l  D esign
S e v e r a l  i s s u e s  had t o  be r e s o l v e d  b e f o r e  s t a r t i n g  t h e  e x p e r i ­
m e n t s .  These  i n c l u d e d  model v a l i d a t i o n ,  d e t e r m i n a t i o n  o f  d a t a  and 
i n t e r r u p t  b l o c k  s i z e ,  mean t im e  be tw een  b rea k d o w n s ,  r e p a i r  d u r a t i o n ,  
s t e a d y  s t a t e  c o n d i t i o n s ,  and  sam ple  s i z e .  The p r o c e d u r e s  u sed  t o  
r e s o l v e  t h e s e  i s s u e s  a r e  p r e s e n t e d  in  t h i s  s e c t i o n .
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Model v a l i d a t i o n
When the  s y s t e m  u n d e r  s t u d y  I s  a h y p o t h e t i c a l  o n e ,  v a l i d a t i o n  
i n v o l v e s  d e t e r m i n i n g  w h e th e r  t h e  s y s te m  o p e r a t e s  i n  t h e  I n t e n d e d  m anner .  
S e v e r a l  s t e p s  were  t a k e n  t o  a s c e r t a i n  t h a t  t h e  job  shop model a c t u a l l y  
p e r fo rm e d  a s  d e s c r i b e d  In  t h e  p r e c e d i n g  s e c t i o n .
The model was b u i l t  i n  a m o d u la r  f a s h i o n ,  and where  p o s s i b l e ,  
e ach  module was t e s t e d  as  an i n d i v i d u a l  u n i t .  For  e x am p le ,  each  random 
number g e n e r a t o r  was e v a l u a t e d  by g e n e r a t i n g  f i f t y  g ro u p s  o f  1000 random 
v a r i a t e s .  For  each  d i s t r i b u t i o n  a t  l e a s t  f o r t y - s e v e n  o f  t h e  f i f t y  
g roups  p a s s e d  a c h i - s q u a r e  goodness  o f  f i t  t e s t  a t  the  .05  l e v e l  of 
s i g n i f i c a n c e .
When a jo b  e n t e r s  t h e  s y s te m  I t  c an  go t o  any  o f  t h e  t e n  m ach ines  
w i th  e q u a l  p r o b a b i l i t y .  Once a t  a m a c h i n e ,  t h e  Job i s  e q u a l l y  l i k e l y  
to  go t o  any o f  t h e  o t h e r  n i n e  m ach in e s  o r  o u t  o f  t h e  s y s t e m .  S ub­
program ROUTE g e n e r a t e s  t h e s e  random r o u t e s  t h r o u g h  a s t a t i o n a r y  Markov 
t r a n s i t i o n  m a t r i x . ^  T h e o r e t i c a l l y ,  t h i s  t r a n s i t i o n  m a t r i x  c o u ld  keep  
a Job i n  t h e  s y s t e m  i n d e f i n i t e l y .  B ecause  o f  t h i s  c h a r a c t e r i s t i c ,  r o u t e s  
a r e  t r u n c a t e d  a t  t e n  o p e r a t i o n s .  A n a l y t i c a l  e v a l u a t i o n  o f  t h e  m a t r i x  
u n d e r  t h e s e  c o n d i t i o n s  y i e l d s  a n  e x p e c t e d  a v e r a g e  o f  6 . 3 4  o p e r a t i o n s  
p e r  Job .  T h i s  compares  f a v o r a b l y  w i t h  an a v e r a g e  o f  6 . 5 4  o p e r a t i o n s  
p e r  job  f o r  3000 r o u t e s  g e n e r a t e d  in  a p i l o t  t e s t .
I n  o r d e r  t o  t e s t  subp rog ram s  UPDATE and t h e  f i v e  s c h e d u l i n g  
r u l e s ,  a f i c t i c i o u s  Job f i l e  was c r e a t e d  and p r o c e s s e d  by t h e s e  p r o g r a m s .  
D e t a i l e d  p r i n t o u t s  i n d i c a t e d  e ach  p e r fo rm e d  i n  t h e  p r o p e r  m an n er .  A f t e r  
t e s t i n g  i n d i v i d u a l  m o d u le s ,  a l l  were  combined t o  fo rm the  job  shop
*"The t r a n s i t i o n  m a t r i x  i s  g i v e n  i n  a p p e n d ix  C.
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m o d e l .  A p i l o t  e x p e r i m e n t  was t h e n  p e r f o r m e d  d u r i n g  which  d e t a i l e d  
l i s t s  o f  t h e  I m n in en t  e v e n t  l i s t ,  a l l  machine  q u e u e s ,  a s  w e l l  a s  jo b  
a r r i v a l  t i m e s ,  due d a t e s  and c o m p l e t i o n  t im e s  were p r i n t e d  o u t .  These 
l i s t s  were  t h e n  exam ined  t o  i n s u r e  t h a t  t h e  s y s te m  a s  a whole  was 
f u n c t i o n i n g  p r o p e r l y .  I n  a d d i t i o n ,  s t a t i s t i c s  f o r  a l l  p e r f o r m a n c e  
m e a s u re s  were  m a n u a l ly  computed from t h e  l i s t s  and  compared t o  r e s u l t s  
c a l c u l a t e d  w i t h i n  t h e  p ro g ram .
As an a d d i t i o n a l  t e s t ,  p i l o t  e x p e r i m e n t s  f o r  e ach  s c h e d u l i n g  
r u l e  were c o n d u c te d  u n d e r  c o n d i t i o n s  o f  e x p o n e n t i a l  a r r i v a l  and  s e r v i c e  
d i s t r i b u t i o n s  w i t h  no m ach ine  f a i l u r e s  a l l o w e d .  R e s u l t s  o f  t h e s e  
e x p e r i m e n t s  were  t h e n  compared t o  Conway 's  s t u d y  o f  a h y p o t h e t i c a l ,  n i n e  
m a c h i n e ,  dynamic  job  s h o p .^  The r e s u l t s  a r e  p r e s e n t e d  i n  t a b l e  1.
D i r e c t  c o m p a r i s o n s  can  n o t  be made b e c a u s e  shop  s i z e ,  sample s i z e  and 
d a t a  c o l l e c t i o n  methods  a r e  d i f f e r e n t .  However,  t h e  r e l a t i v e  p e r f o r m ­
ance  o f  each  s c h e d u l i n g  r u l e  s h o u l d  be a p p r o x i m a t e l y  t h e  same.
The s c h e d u l i n g  r u l e s  c an  be c l a s s i f i e d  i n t o  t h r e e  c a t e g o r i e s  
f o r  r e l a t i v e  c o m p a r i s o n s .  One g roup  i s  c o m p r i s e d  o f  t h e  FISFS and FCFS 
r u l e s  which b o th  u s e  jo b  a r r i v a l  o r d e r  t o  a s s i g n  p r i o r i t i e s .  The second  
group f o c u s e s  on due d a t e s  and i s  made up o f  DSLACK and SSUCK. F i n a l l y ,  
t h e  SIO r u l e  c o n s i d e r s  o n l y  p r o c e s s i n g  t im e  and i s  c l a s s e d  s e p a r a t e l y .
For  b o th  Conway 's  s t u d y  and the  p i l o t  e x p e r i m e n t s ,  t h e  SIO r u l e  g i v e s  
t h e  b e s t  r e s u l t s  a c r o s s  a l l  p e r f o r m a n c e  m e a s u re s  w i t h  t h e  due d a t e  
r u l e s  s eco n d  and a r r i v a l  o r d e r  r u l e s  p e r f o r m i n g  t h e  w o r s t .
A f i n a l  check  was made t o  e v a l u a t e  t h e  r e c o r d  k e e p i n g  p r o c e d u r e s
^ R ic h a r d  W. Conway, W i l l i a m  L. M axwel l ,  and L o u i s  W. M i l l e r ,
T h eo ry  o f  S c h e d u l i n g . ( R e a d i n g ,  M ass . ;  Addison-Wes l e y  P u b l i s h i n g  
C o . ,  19 6 7 ) ,  p .  287 .
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TABLE 1
COMPARISON OF CONWAY'S STUDY TO PILOT EXPERIMENT 
RESULTS FOR SHOP AND JOB 
PERFORMANCE MEASURES
P e r f o r m a n c e
Measure
S c h e d u l i n g
Rule
Conway’s 
E x p e r i m e n t s
P i l o t
E x p e r im e n t s
a
I n v e n t o r y  
By Count
FCFS
SIO
5 8 .7 8
2 3 .2 5
7 0 .10
3 4 .9 4
I n v e n t o r y a 
By C o n te n t
FCFS
SIO
4 6 0 .7 1
185 .54
260 .62
129 .79
Mean Flow Time
FISFS
FCFS
SIO
DSLACK
SSLACK
72 .50  
7 4 .7 4  
3 4 .0 0  
6 5 .8 0  
6 3 .7 0
5 3 .32
5 2 .92
2 6 .2 0
4 7 . 2 4
4 7 .5 9
Mean L a t e n e s s
FISFS
FCFS
SIO
DSLACK
SSLACK
- 6 . 4 0
- 4 . 5 0  
- 4 4 . 9 0  
- 1 3 . 1 0  
- 1 5 . 5 0
1 4 .4 6
1 4 .0 6
- 1 2 . 6 6
8 . 3 6
8 .7 3
S o u r c e :  R e s u l t s  o f  Conway 's  e x p e r i m e n t s  a s  found In  R i c h a r d  W, Conway, 
W i l l i a m  L. M axw el l ,  and  L o u i s  W. M i l l e r ,  T heory  o f  S c h e d u l i n g . 
( R e a d i n g ,  M a s s . :  A d d lso n -W es ley  P u b l i s h i n g  C o . ,  1 9 6 7 ) ,
p .  287 .
N o t e s :
Conway's  s t u d i e s  c o n d u c te d  on a n i n e  machine  dynamic Job s h o p ,  
u t i l i z a t i o n  * 88 p e r c e n t ,  a l l o w a b l e  shop  t im e  “  e i g h t  t im e s  t o t a l  p r o ­
c e s s i n g  t im e .
P i l o t  e x p e r i m e n t s  c o n d u c te d  on a t e n  machine  dynamic jo b  s h o p ,  
u t i l i z a t i o n  = 8 8 - 9 0  p e r c e n t ,  a l l o w a b l e  shop t im e  m s i x  t im e s  t o t a l  
p r o c e s s i n g  t i m e .
*Data  f o r  FISFS, DSLACK, and SSLACK n o t  a v a i l a b l e  f o r  Conway 's
s t u d y .
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o f  p rog ram  SHOP. I n  h i s  w ork ,  Conway d e s c r i b e s  t h e  f o l l o w i n g  r e l a t i o n  
s h i p  b e tw een  mean f low t im e  ( F ) ,  mean number o f  Jobs  i n  t h e  shop  (N ) ,  
and  mean t im e  be tw een  a r r i v a l s  ( 1 / A ) ,  w here  A i s  t h e  mean a r r i v a l  
r a t e . 1
A
T h i s  r e l a t i o n s h i p  can  be f u r t h e r  e x p r e s s e d  i n  te rm s  o f  mean f a c i l i t y  
u t i l i z a t i o n  a s  f o l l o w s :
U -
m
where  p i s  t h e  mean amount of  work p e r  Job and  m i s  t h e  number of 
m a c h i n e s .  S o l v i n g  f o r  A and  s u b s t i t u t i n g  i n  t h e  mean f lo w  e q u a t i o n  
y i e l d s :
A -
P
and
F -  O
m U
A p i l o t  e x p e r i m e n t  was c o n d u c te d  f o r  a t e n  machine  f low  shop 
u s i n g  p o i n t  v a l u e s  f o r  i n t e r a r r i v a l  and  s e r v i c e  t i m e s .  Under  t h e s e  
c o n d i t i o n s  a l l  s t o c h a s t i c  c h a r a c t e r i s t i c s  a r e  removed, and t h e  s y s te m  
r a p i d l y  c o n v e r g e s  t o  s t e a d y  s t a t e .  The t h e o r e t i c a l  v a l u e  o f  F was t h e n  
compared t o  a computed v a l u e  u s i n g  e s t i m a t e s  o f  N, p ,  and U o b t a i n e d  
f rom th e  p i l o t  e x p e r i m e n t .  As a f i n a l  t e s t ,  th e  p r o c e d u r e  was r e p e a t e d  
a f t e r  c h an g in g  t h e  t r a n s i t i o n  m a t r i x  t o  r e p r e s e n t  a p u r e  f lo w  sh o p .
The c o m p ar i so n s  were  f a v o r a b l e  i n  b o t h  c a s e s .
1I b i d . , p .  19.
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Data  and i n t e r r u p t  b l o c k  s i z e
The Idea  o f  u s i n g  I n t e r r u p t  b l o c k s  t o  r e d u c e  s e r i a l  c o r r e l a t i o n  
o f  e x p e r i m e n t a l  r e s u l t s  was p r e s e n t e d  i n  t h e  Data  C o l l e c t i o n  s e c t i o n  
o f  t h i s  c h a p t e r .  The c o m b i n a t i o n  o f  i n t e r r u p t  and d a t a  b l o c k  s i z e  
which m ee t s  th e  i n d e p en d e n c e  r e q u i r e m e n t  had  t o  be d e t e r m i n e d  b e f o r e  
t h e  e x p e r i m e n t s  c o u l d  b e g i n .
Four  d a t a  b lo c k  s i z e s  (1 0 ,  30 ,  5U, and 100 u n i t s )  were  combined
w i th  f i f t e e n  i n t e r r u p t  b l o c k s  r a n g i n g  i n  s i z e  from 0 t o  100 u n i t s . ^
Fo r  exam ple ,  5 0 /3 0  r e p r e s e n t s  a c o m b i n a t i o n  o f  50 d a t a  u n i t s  and  30
I n t e r r u p t  u n i t s .  P i l o t  e x p e r i m e n t s  u s i n g  t h e  SIO s c h e d u l i n g  r u l e  were
t h e n  c o n d u c t e d  f o r  a l l  c o m b i n a t i o n s  o f  d a t a  and i n t e r r u p t  b l o c k s .  Two
t e c h n i q u e s ,  th e  D u rb ln -W a tso n  d and W ald-W olfow i tz  t e s t s ,  were  u s e d  t o
2
e v a l u a t e  the  n u l l  h y p o t h e s i s  t h a t  no s e r i a l  c o r r e l a t i o n  was p r e s e n t .  
R e s u l t s  o f  t h e  t e s t s  f o r  a l l  d a t a  and I n t e r r u p t  b l o c k s  a r e  shown i n  
a p p e n d ix  D. C o m b in a t io n s  f o r  which  t h e  n u l l  h y p o t h e s i s  was a c c e p t e d  
a t  l e a s t  e i g h t  t i m e s ,  a c r o s s  a l l  p e r f o r m a n c e  m e a s u r e s ,  were  s e l e c t e d  
f o r  f u r t h e r  c o n s i d e r a t i o n .  T a b le  2 p r e s e n t s  t h e  r e s u l t s  o f  n i n e  c o n ­
f i g u r a t i o n s  which  meet  t h i s  c r i t e r i o n .
The f i n a l  c h o i c e  was made by  d e t e r m i n i n g  f o r  each  o f  t h e  n i n e  
s e t s ,  t h e  number o f  t o t a l  u n i t s  ( s i m u l a t i o n  t im e  u n i t s  f o r  t ime b l o c k s  
and j o b s  f o r  job  b l o c k s )  r e q u i r e d  t o  g i v e  e q u a l  p r e c i s i o n  i n  t e rm s  o f
^ I n t e r r u p t  b lo c k  s i z e s  o f  0 ,  3 ,  5,  10,  2 0 ,  2 5 ,  30 ,  3 5 ,  4 0 ,  50 ,  
60 ,  70,  8 0 ,  90 ,  and 100 w ere  t e s t e d .
2The W ald-W olfow i tz  t e B t  i s  d e s c r i b e d  i n  P a u l  G. H o e l .  I n t r o ­
d u c t i o n  t o  M a th e m a t i c a l  S t a t i s t i c s . 4 t h  e d . ,  (New York:  John  W iley
& Sons ,  1954) ,  p p .  2 9 9 -3 0 3 ,  w h i l e  t h e  D urb ln -W atson  d s t a t i s t i c  i s  
d i s c u s s e d  i n  J .  J o h n s o n ,  E c o n o m e t r i c  M e th o d s . (New York:  McGraw-Hill
Book Company, 19 6 3 ) ,  p .  192.
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TABLE 2
SELECTED RESULTS FOR SERIAL CORRELATION 
TESTS ON PILOT EXPERIMENTS
D a t a / I n t e r r u p t i o n  B lock  S i z e
P e r f o rm a n c e
Measure
Type
T e s t 3 0 /8 0 5 0 / 3 0 5 0 /6 0 100/5
M achine D-W 1.96+ 1 .4 8 * * 2 .1 3 + 1 .53+
U t i l i z a t i o n W W - 3 1 . 8 3 * - 4 3 .4 4 * - 4 2 . 8 0 * - 8 2 . 4 3 *
I n v e n t o r y D-W 1.54+ 0 .7 2 * 1 .45** 1 .02*
by Count W W 0 .4 4 + 1 .76+ 0 .4 6 + 0 .1 9 +
I n v e n t o r y D-W 1 .3 8 * 0 .6 6 * 1 .31* 1 .02*
by C o n t e n t W W 1 .71+ 1 .95+ 1 .84+ 1 .1 1 +
Mean Flow D-W 2 .1 0 + 1 .82+ 1 .92+ 1 .87+
Time W W - 1 . 1 8 + - 1 . 2 7 + - 2 . 1 7 * - 1 . 5 1 +
Mean D-W 2 .0 8 + 1 .54+ 1 .5 7 + 1 .4 8 * *
L a t e n e s s W W - 0 . 9 7 + 0 .5 O t 0 .9 0 * 0 .3 7 +
Mean D-W 2 .2 6 + 1 .82+ 1 .9 3 + 1 .6 9 +
T a r d i n e s s W W - 0 . 8 3 + 0 .6 5 + - 0 . 2 5 + 1 .1 7 +
N o te :
P i l o t  e x p e r i m e n t  p e r fo rm e d  u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :  SIO
queue  d i s c i p l i n e ,  i n t e r a r r i v a l  t im e  d i s t r i b u t i o n - - e x p o n e n t i a l  w i t h  mean 
of  0 . 7 ,  p r o c e s s i n g  t ime d i s t r i b u t i o n - - e x p o n e n t i a l  w i th  mean o f  1 . 0 ,  
t im e  b e tw een  breakdown d l s t r l b u t i o n - - n o  machine  f a i l u r e s .
g
D-W r e p r e s e n t s  t h e  D urb in -W atson  t e s t .  W W r e p r e s e n t s  th e  
W ald-W olfow i tz  t e s t .
+N u l l  h y p o t h e s i s  o f  no  s e r i a l  c o r r e l a t i o n  a c c e p t e d  a t  t h e  .05
l e v e l ,
N u l l  h y p o t h e s i s  o f  no  s e r i a l  c o r r e l a t i o n  r e j e c t e d  a t  t h e  .05
l e v e l .
* * T e s t  n o t  c o n c l u s i v e  a t  t h e  .05  l e v e l .
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TABLE 2 ( C o n t i n u e d )
P e r f o rm a n ce
Measure
D a t a / I n t e r r u p t i o n  B lock  S i z e
Type
T e s t 1 0 /8 0 10 /100 3 0 /4 0 3 0 /5 0 3 0 /6 0
Machine D-W 1.78+ 2 .  lOf 1 .84+ 1 .4 3 * * 1 .86+
U t i l i z a t i o n W W - 2 4 . 9 0 * - 2 2 . 6 0 * - 3 8 . 8 9 * -5 1 .3 9 * - 3 7 . 6 4 *
I n v e n t o r y D-W 1 .1 7 * 1 .53+ 0 f 71* 0 .7 4 * 1 .0 3 *
by Count W W 0 .4 4 + 0 .5 8 + 1 .91+ 1 .44+ 0 .8 1 +
I n v e n t o r y D-W 1 .1 4 * 1 .48** 0 .7 1 * 0 .7 1 * 0 .9 7 *
by C o n te n t W W 1.71+ 1 .4 2 + 1 .93+ 1 .75+ 1 .5 6 +
Mean Flow D-W 1 .8 5 + 2 .2 8 + 1 .80+ 1 .81+ 1 .81+
Time W W - 1 . 1 8 + - 1 .1 0 + - 0 . 2 1 + - 0 . 2 9 + - 0 .1 6 +
Mean D-W 2 .1 7 + 1 .72+ 1 .60+ 1 .4 3 * * 1 .6 4 +
L a t e n e s s W W - 0 . 9 7 + 0 .66+ 0 .81+ 1 .03+ - 0 . 3 9 +
Mean D-W 2 .1 4 + 2 .0 8 + 1 .99+ 1 .77+ 1 .9 9 +
T a r d i n e s s W W - 0 . 8 3 + - 0 . 1 4 + 0 .0 4 + 0 .9 3 + 0 .1 9 +
+N u l l  h y p o t h e s i s  o f  no s e r i a l  c o r r e l a t i o n  a c c e p t e d  a t  t h e  .05
l e v e l .
N u l l  h y p o t h e s i s  o f  no s e r i a l  c o r r e l a t i o n  r e j e c t e d  a t  t h e  .05
l e v e l .
T e s t  n o t  c o n c l u s i v e  a t  t h e  .05 l e v e l .
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sample  v a r i a n c e .  A b l o c k  r a t i o  was c a l u c i a t e d  f o r  e a c h  p e r f o r m a n c e  
measure  by d i v i d i n g  e ach  sample  v a r i a n c e  by t h e  v a r i a n c e  o f  t h e  5 0 /3 0  
c o m b i n a t i o n .  The 5 0 /6 0  s e t  was a r b i t r a r i l y  s e l e c t e d  a s  t h e  d e n o m in a to r  
f o r  a l l  d a t a - i n t e r r u p t  c o m b i n a t i o n s .  M u l t i p l y i n g  th e  sum o f  d a t a  and  
I n t e r r u p t  u n i t s  f o r  e ac h  s e t  by i t s  b l o c k  r a t i o  g i v e s  t h e  number o f  
t o t a l  u n i t s  r e q u i r e d  f o r  e q u a l  p r e c i s i o n .  T a b le  3 p r e s e n t s  t h e  r e s u l t s  
o f  t h e s e  c a l c u l a t i o n s .  Based on t h i s  m e a s u re ,  t h e  c o m b i n a t i o n s  o f  
f i f t y  d a t a  u n i t s - t h i r t y  i n t e r r u p t  u n i t s  and one h u n d re d  d a t a  u n i t s - t e n  
i n t e r r u p t  u n i t s  a r e  p r e f e r r e d .  The 5 0 /3 0  c o m b i n a t i o n  was s e l e c t e d  f o r  
t h i s  r e s e a r c h  b e c a u s e  e s t i m a t e s  i n d i c a t e d  t h i s  c o n f i g u r a t i o n  would 
r e q u i r e  l e s s  com pu te r  memory and CPU t im e  t o  e x e c u t e  a g i v e n  e x p e r i m e n t .
S t e a d y  s t a t e
I n  t h e  job  m ode l ,  s i m u l a t i o n  and  d a t a  c o l l e c t i o n  f o r  e ac h  
e x p e r i m e n t  b e g i n  w i t h  an  empty sh o p .  Thus ,  t h e  s y s te m  must  o p e r a t e  
f o r  some p e r i o d  o f  t im e  b e f o r e  s t e a d y  s t a t e  c o n d i t i o n s  a r e  r e a c h e d .
S i n c e  a l l  s t a t i s t i c s  a r e  t o  be b a se d  on d a t a  c o l l e c t e d  when th e  s y s te m  
i s  i n  e q u i l i b r i u m ,  i n i t i a l  t r a n s i e n t  b l o c k s  m us t  be e x c l u d e d  from th e  
a n a l y s i s .
P i l o t  e x p e r i m e n t s  u s i n g  t h e  SIO and FCFS queue d i s c i p l i n e s  were 
c o n d u c te d  w i t h  d a t a  c o l l e c t e d  on f i f t y  b l o c k s  i n  e a c h  e x p e r i m e n t .  
E s t i m a t e s  o f  means and v a r i a n c e s  f o r  each  p e r f o r m a n c e  m easu re  were com­
p u te d  u s i n g  b l o c k s  f i v e  th r o u g h  f i f t y .  A " t "  t e s t  f o r  d i f f e r e n c e s  in  
means of  two n o r m a l l y  d i s t r i b u t e d  p o p u l a t i o n s  was u s e d  t o  e v a l u a t e  the  
n u l l  h y p o t h e s i s  t h a t  each  o f  t h e  f i r s t  f o u r  b l o c k s  came from  t h e  same 
p o p u l a t i o n  r e p r e s e n t e d  by b l o c k s  f i v e  th r o u g h  f i f t y .  The r e s u l t s  o f
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TABLE 3 
DATA BLOCK SIZE ANALYSIS
P e r f o r m a n c e
M easures
D a t a /
I n t e r r u p t i o n
U n i t s
C o e f f i c i e n t  
o f  V a r i a t i o n
B lock
R a t i o
Block R a t i o  
X T o t a l  U n i t s 3
1 0 /8 0 10.72 2 .1 2 189 .56
10/100 1 0 .9 8 2 .2 1 243 .17
3 0 / 4 0 8 .2 7 1 .2 6 8 8 .3 4
3 0 / 5 0 7 .5 9 1 .07 8 5 .47
Machine 3 0 / 6 0 8 .2 7 1 .2 6 112 .95
U t i l i z a t i o n 3 0 / 8 0 8 .6 6 1 .39 152 .56
5 0 / 3 0 6 .9 5 0 .8 9 7 1 .59
5 0 / 6 0 7 .32 1 .0 0 110 .00
100/5 5 . 2 0 0 .51 5 3 .51
1 0 /8 0 2 2 . 6 0 0 .9 8 8 8 .3 0
1 0 /100 3 0 .0 1 1 .2 8 140 .86
3 0 / 4 0 2 4 .6 5 0 .7 9 5 5 .4 5
3 0 /5 0 2 2 .7 3 0 .6 9 5 4 .8 8
I n v e n t o r y 3 0 / 6 0 2 4 .0 7 0 .81 7 2 .54
by Count 3 0 /8 0 2 8 .6 2 1 .18 129 .50
5 0 /3 0 2 3 .1 2 0 .72 5 7 .8 4
5 0 /6 0 2 6 .1 9 1 .0 0 1 1 0 .0 0
100 /5 2 3 .6 6 0 .8 4 8 8 .2 7
1 0 /8 0 3 0 .8 6 1 .12 101 .23
1 0 /100 3 3 .8 1 1 .33 146.81
3 0 /4 0 2 6 . 6 0 0 .7 6 53 .51
3 0 /5 0 2 4 .0 9 0 .6 5 5 1 .9 1
I n v e n t o r y 3 0 /6 0 2 8 .2 6 0 .9 4 8 4 .5 4
by C o n te n t 3 0 / 8 0 3 1 .8 1 1 .1 6 127 .86
5 0 /3 0 2 3 .5 5 0 .6 3 5 0 .7 6
5 0 /6 0 2 9 .5 7 1 .0 0 110 .00
100 /5 2 4 .7 4 0 .7 4 77 .45
T o t a l  u n i t s  “ d a t a  b l o c k  u n i t s  + i n t e r r u p t  b l o c k  u n i t s .
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TABUE 3 (C ontinued)
Data
P e r f o r m a n c e  I n t e r r u p t i o n  C o e f f i c i e n t  B lock  B lock  R a t i o
M easu res  U n i t s  o f  V a r i a t i o n  R a t i o  X T o t a l  U n i t s
1 0 /8 0 4 9 .7 4 3 .4 5 310 .63
10 /100 5 4 .9 0 3 .3 6 370 ,03
3 0 /4 0 3 3 .4 8 1 .33 9 3 .1 0
3 0 /5 0 3 1 .2 8 1 .13 9 0 .2 0
Mean Flow 3 0 /6 0 2 9 .0 9 1 .11 100.33
Time 3 0 /8 0 3 2 .1 9 1 .28 140 .83
5 0 /3 0 2 7 .2 0 0 .8 9 7 0 .9 0
5 0 /6 0 2 7 .7 5 1 .0 0 110 .00
100/5 2 2 .8 9 0 .6 7 7 0 .6 4
1 0 /8 0 - 9 9 .0 7 3 .4 4 3 0 9 .4 4
1 0 /1 0 0 - 8 4 . 1 5 2 .9 3 322 .13
3 0 /4 0 - 6 5 . 7 8 1 .44 100 .50
3 0 / 5 0 - 5 7 . 3 6 1 .3 9 111 .45
Mean 3 0 / 6 0 - 5 8 . 9 4 1 .25 112.77
L a t e n e s s 3 0 /8 0 - 5 9 . 3 6 1 .2 4 136 .47
5 0 /3 0 - 5 3 . 4 3 1 .07 8 5 .3 5
5 0 /6 0 - 5 8 .2 7 1 .0 0 110 .00
100/5 - 4 9 . 6 9 0 .7 6 7 9 .4 0
1 0 /8 0 16 2 .6 4 3 . 5 6 320 .63
10/100 2 1 5 .9 5 3 . 9 4 4 3 3 .7 6
3 0 /4 0 114 .44 1.17 8 1 .8 5
3 0 /5 0 114 .88 1 .02 8 1 .2 5
Mean 3 0 / 6 0 101 .20 0 .9 4 6 4 .89
T a r d i n e s s 3 0 /8 0 113.31 1 .27 139 .39
5 0 /3 0 9 6 .9 5 0 .8 2 6 5 .3 4
5 0 /6 0 9 1 .3 3 1 .0 0 110 .00
100/5 74 .93 0 .6 2 6 5 .0 7
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t h i s  t e s t  a r e  p r e s e n t e d  i n  t a b l e s  4 and  5 .  F o r  a l l  m e a s u r e s ,  t h e  n u l l  
h y p o t h e s i s  was a c c e p t e d  f o r  b l o c k s  t h r e e  and  f o u r .
As an added  p r e c a u t i o n ,  r e s u l t s  o f  t h e  p i l o t  e x p e r i m e n t s  were  
e v a l u a t e d  u s i n g  Conway 's  c r i t e r i o n  o f  t r u n c a t i n g  o b s e r v a t i o n s  i n  a 
s e r i e s  u n t i l  t h e  f i r s t  r e t a i n e d  I s  n e i t h e r  t h e  maximum n o r  minimum o f  
th e  r e m a i n i n g  s e t . *  As shown i n  t a b l e  6 f o r  a l l  p e r f o r m a n c e  m e a s u r e s ,  
b l o c k s  t h r e e  and f o u r  a r e  a g a i n  a c c e p t a b l e .  Based on t h e  r e s u l t s  o f  
b o th  t e s t s ,  a c o n s e r v a t i v e  a p p ro a c h  was t a k e n  and  o n l y  d a t a  b l o c k s  
f i v e  t h ro u g h  f i f t y  o f  e ach  m easu re  a r e  c o n s i d e r e d  f o r  f u r t h e r  a n a l y s i s .
Breakdown c y c l e
Mean t im e  b e tw ee n  breakdowns  (Tb)  and  mean r e p a i r  t im e s  (T r )  
a r e  t h e  two f i n a l  o p e r a t i n g  p a r a m e t e r s  n eed e d  t o  b e g i n  t h e  e x p e r i m e n t s .  
These v a l u e s ,  w h ich  s e t  t h e  mean breakdown c y c l e  ( d e f i n e d  as  t h e  sum 
o f  Tb and T r ) ,  a r e  d i f f i c u l t  t o  d e t e r m i n e  i n d e p e n d e n t l y ,  e s p e c i a l l y
In  c a s e  o f  a h y p o t h e t i c a l  s y s t e m .  The m a t t e r  I s  f u r t h e r  c o m p l i c a t e d
by t h e  e f f e c t  o f  r e p a i r  d u r a t i o n  on m ach ine  u t i l i z a t i o n .  I f  r e p a i r s  
a r e  s u f f i c i e n t l y  l o n g ,  a c o n t i n u a l  o v e r l o a d  may d e v e l o p  even  though  
machine  u t i l i z a t i o n  i s  r e l a t i v e l y  low.
R e p a i r s  c an  be v iew ed  as  a j o b  t h a t  p e r i o d i c a l l y  o c c u p i e s  a
m a c h i n e .  The l o n g e r  t h e  o ccu p a n c y  t h e  more c o n g e s t e d  t h e  shop becomes 
a s  jo b s  w a i t  t o  be p r o c e s s e d .  I n  o r d e r  t o  b e t t e r  m easu re  t h i s  con ­
g e s t i o n  and p r e v e n t  c o n t i n u a l  s y s t e m  o v e r l o a d ,  m ach ine  u t i l i z a t i o n  i n  
t h i s  r e s e a r c h  i s  a d j u s t e d  t o  r e f l e c t  o n l y  t o t a l  u s a b l e  m ach ine  t im e .
For  exam ple ,  assume t h a t  i n  one t im e  b l o c k ,  t o t a l  machine  r u n  t im e s  
and r e p a i r  t im e s  a r e  40  and 5 u n i t s  r e s p e c t i v e l y .  T o t a l  u s a b l e  t im e  
In  t h i s  c a s e  i s  45 u n i t s  and  f a c i l i t y  u t i l i z a t i o n  e q u a l s  89 p e r c e n t .
^R ichard  W. Conway, "Some T a c t i c a l  P rob lem s  i n  D i g i t a l  S i m u l a t i o n , "  
Management S c i e n c e . 10 ( O c t o b e r  1 9 63) :  4 7 .
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TABLE 4
t  TEST ON FIRST FOUR DATA BLOCKS 
OF PILOT EXPERIMENTS WITH 
FCFS QUEUE DISCIPLINE
P e r f o rm a n ce
M easure
Data Block
1 2 3 4
Machine U t i l i z a t i o n 7 .2 6 * 1 .62 1 .48 0 .7 4
I n v e n t o r y  by Count 2 .8 1 * 2 . 1 7 * 1 .72 0 .92
I n v e n t o r y  by C o n t e n t 2 .8 4 * 1 .9 6 1 .73 0 .8 4
Mean Flow Time 1.59 1 .2 1 0 .6 9 0 .77
S t d .  Dev. Flow Time 1 .38 1 .3 3 0 .8 4 0 .9 9
Mean L a t e n e s s 1 .57 1 ,5 1 0 . 9 4 1 .0 6
S t d .  Dev. L a t e n e s s 0 .9 9 1 .1 2 0 .7 2 0 . 9 0
Mean T a r d i n e s s 1.02 1 .03 0 .6 7 0 . 8 5
S t d .  Dev. T a r d i n e s s 1 .21 1 .2 5 0 .81 0 .9 7
N o te s :
P i l o t  e x p e r i m e n t s  c o n d u c te d  u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :  
number o f  d a t e  b l o c k s  * 50 ,  i n t e r a r r i v a l  t im e  d i s t r i b u t i o n - - e x p o n e n t i a l  
w i t h  mean o f  0 . 7 ,  p r o c e s s i n g  t im e  d i s t r i b u t i o n - - u n i f o r m  w i t h  r a n g e  ■
0 . 0  -  2 . 0 ,  t im e  be tw een  breakdown d i s t r i b u t i o n - - n o  machine  b reak d o w n s ,  
t im e  and jo b  b lo c k  s i z e  * 50 ,  i n t e r r u p t i o n  b l o c k  s i z e  ■ 30 .
N u l l  h y p o t h e s i s  o f  e q u a l  means r e j e c t e d  a t  t h e  .05  l e v e l .
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TABLE 5
t  TEST ON FIRST FOUR DATA BLOCKS 
OF PILOT EXPERIMENTS WITH 
SIO QUEUE DISCIPLINE
P e r f o rm a n c e  Data  Block
Measure  1 2 3 4
Machine U t i l i z a t i o n 5 .9 0 * 2 .0 9 * 1 .1 8 1 .0 4
I n v e n t o r y  by Count 3 .5 9 * 2 .3 7 * 1 .83 1 .8 9
I n v e n t o r y  by C o n te n t 3 .5 3 * 2 . 1 0  * 1.91 1 .6 0
Mean Flow Time 2 .2 1 * 1 .15 0 .9 5 1 .0 3
S t d .  Dev. Flow Time 1 .6 8 1 .37 1 .25 1 .32
Mean L a t e n e s s 2 .0 3 * 2 . 2 4 * 1 .31 0 .91
S t d .  Dev. L a t e n e s s 0 .83 0 .7 4 1 .03 1 .02
Mean T a r d i n e s s 1 .1 0 1 .09 1 .0 6 0 .9 3
S t d .  Dev. T a r d i n e s s 1 .3 0 1 .2 8 1 . 2 0 1 .09
N o t e s :
P i l o t  e x p e r i m e n t s  c o n d u c te d  u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :  
number o f  d a t a  b l o c k s  ■ 5 0 ,  i n t e r a r r i v a l  t im e  d i s t r i b u t i o n  e x p o n e n t i a l  
w i t h  mean -  0 . 7 ,  p r o c e s s i n g  t im e  d i s t r i b u t i o n - - e x p o n e n t i a l  w i t h  mean ■ 
1 . 0 ,  t im e  b e tw een  breakdown d l s t r l b u t l o n - - n o  m ach ine  b reakdow ns ,  t im e  
and job  b l o c k  s i z e  « 50 ,  i n t e r r u p t i o n  b l o c k  s i z e  ■ 30.
N u l l  h y p o t h e s i s  o f  e q u a l  means r e j e c t e d  a t  t h e  .05  l e v e l .
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TABLE 6
NUMBER OF TRUNCATED DATA BLOCKS FOR PILOT 
EXPERIMENTS WITH FCFS AND 
SIO QUEUE DISCIPLINES
P e r f o r m a n c e  T r u n c a t e d  B lo c k s a
Measure FCFSb s i o c
Machine  U t i l i z a t i o n 1 1
I n v e n t o r y  by Count 2 1
I n v e n t o r y  by C o n te n t 2 1
Mean Flow Time 2 1
S t d .  Dev. Flow Time 2 1
Mean Job  L a t e n e s s 2 0
S t d .  Dev. L a t e n e s s 0 0
Mean J o b  T a r d i n e s s 0 0
S t d .  Dev. Job  T a r d i n e s s 0 0
a Data b l o c k s  a r e  t r u n c a t e d  u n t i l  t h e  f i r s t  b l o c k  r e t a i n e d  i s  
n e i t h e r  t h e  maximum o r  minimum o f  r e m a i n i n g  b l o c k s .
^Number o f  d a t a  b l o c k s  ■ 50 ,  i n t e r a r r i v a l  t im e  d l s t r l b u t i o n - -  
e x p o n e n t i a l  w i t h  mean ■ 0 . 7 ,  p r o c e s s i n g  t im e  d i s t r i b u t i o n - - u n i f o r m  
w i th  r a n g e  0 . 0 - 2 . 0 ,  t im e  b e tw een  breakdown d i s t r i b u t i o n -  no machine  
b reakdow ns ,  t im e  and Job b l o c k  s i z e  ■ 50 , i n t e r r u p t i o n  b l o c k  s i 2 e * 30 .
Q
Same c o n d i t i o n s  a s  FCFS e x c e p t ,  p r o c e s s i n g  t im e  d i s t r i b u t i o n - - 
e x p o n e n t i a l  w i th  mean 1 . 0 .
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The f o l l o v i n g  p r o c e d u r e s  were  u s e d  t o  d e t e r m i n e  v a l u e s  o f  Tb
and Tr t h a t  would r e s u l t  i n  a f a c i l i t y  u t i l i z a t i o n  o f  a p p r o x i m a t e l y
90 p e r c e n t - - s u f f i c i e n t l y  h i g h  so a s  t o  make s c h e d u l i n g  a p r o b le m .
T h i s  r e s e a r c h  f o c u s e s  on th e  im pac t  o f  d i f f e r e n t  f a i l u r e  d i s t r i b u t i o n s
on s c h e d u l i n g  r u l e  p e r f o r m a n c e .  I n  o r d e r  t o  em p h as ize  t h i s  a s p e c t ,
r e p a i r  t im e  w i l l  r e m a in  a c o n s t a n t  v a l u e  and p r e v e n t i v e  m a i n t e n a n c e
i s  n o t  c o n s i d e r e d .
I n i t i a l l y ,  a breakdown c y c l e  o f  f o r t y  t im e  u n i t s  was s e l e c t e d
w i th  Tr s e t  a t  10 p e r c e n t  o f  T b - - 3 . 63636 and 3 6 . 3 6 3 6 ,  r e s p e c t i v e l y .
T h i s  i s  i n  a g re e m e n t  w i t h  M o r s e ' s  e s t i m a t e  t h a t  r e p a i r  t im e  u s u a l l y
r e p r e s e n t s  no more t h a n  10 p e r c e n t  o f  mean t im e  b e tw een  b r e a k d o w n s .^
Two s e t s  o f  p i l o t  e x p e r i m e n t s  were  s i m u l a t e d  w i t h  Tb s e t  a t  3 6 .3 6 3 6
t ime u n i t s  and r e p a i r  t im e  v a r i e d  from 0 - 1 2 . 5  p e r c e n t  ( i n c r e m e n t s  o f
2 . 5  p e r c e n t )  o f  mean t im e  b e tw een  b rea k d o w n s .  I n  t h e  f i r s t  s e t  o f
e x p e r i m e n t s  (Case  I )  a r r i v a l  and s e r v i c e  r a t e s  were  s e t  t o  g i v e  a
u t i l i z a t i o n  l e v e l  o f  80 p e r c e n t  u n d e r  c o n d i t i o n s  o f  no m ach ine  f a i l u r e s .
U t i l i z a t i o n  was r a i s e d  i n  t h e  s econd  s e t  (Case  I I )  by i n c r e a s i n g  t h e
a r r i v a l  r a t e .  As shown i n  f i g u r e  2 ,  u t i l i z a t i o n  l e v e l s  o f  90 p e r c e n t
a r e  a c h i e v e d  w i th  r e p a i r  t im e s  o f  1 2 .5  and  5 . 0  p e r c e n t  o f  Case  I  and
2
Case I I  r e s p e c t i v e l y .  Based on M o r s e ' s  e s t i m a t e s ,  Case I I  was 
s e l e c t e d  w i th  Tr  e q u a l  t o  5 p e r c e n t  o f  Tb.
T r i a l  e x p e r i m e n t s  were  t h e n  r u n  i n  which  Tb was v a r i e d  from \  
t o  2 t im e s  t h e  i n i t i a l  3 6 .3 6 3 6  v a l u e .  T ab le  7 c o n t a i n s  th e  f a c i l i t y
*Morse,  Q ueues .  I n v e n t o r i e s ,  and M a i n t e n a n c e , p .  162.
2
Data f o r  o t h e r  p e r f o r m a n c e  m e a s u re s  a r e  p r e s e n t e d  i n  a p p e n d ix
E.
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P r e s e n t  
Machine 
U t 11i z a t i o n
100
7C -
,  Case  IX
• Case  I
2 .5 5 . 0 7 .5 10.0
j  R e p a i r  
1 2 .5  Time
F i g u r e  2 .  Change In  m ach ine  u t i l i z a t i o n  a s  r e p a i r  t im e  I s  I n c r e a s e d .  
R e p a i r  t im e  I s  e x p r e s s e d  a s  a p e r c e n t  o f  mean t im e  be tw een  
b reakdown.
Case  I :  80 p e r c e n t  u t i l i z a t i o n  w i th  no machine  b reakdowns
Case  I I :  85 p e r c e n t  u t i l i z a t i o n  w i t h  no machine  b reakdowns
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TABLE 7
EFFECT OF VARYING CYCLE TIME ON MACHINE UTILIZATION
Breakdown C y c l e s  p e r 40 Time U n i t s
k 1 2 3 4
Machine  U t i l i z a t i o n 8 9 .3 2  8 9 .4 3  8 9 .3 8 8 9 .4 9  6 9 .4 8
u t i l i z a t i o n  f i g u r e s  f o r  e ac h  breakdown c y c l e . ^  As waa e x p e c t e d ,  u t i l i ­
z a t i o n  l e v e l s  a c r o s s  a l l  e x p e r i m e n t s  a r e  v e r y  s i m i l a r .  T h e r e f o r e ,  a 
mean t ime be tw een  b reakdowns  o f  3 6 .3 6 3 6  t im e  u n i t s  was s e l e c t e d  s i n c e  
t h i s  i s  l e s s  t h a n  th e  s i z e  o f  a t im e  b l o c k  and s t i l l  r e a s o n a b l e  w i th  
r e s p e c t  t o  mean p r o c e s s i n g  t i m e s .
B lo c k in g  t e c h n i q u e s
S e v e r a l  b l o c k i n g  t e c h n i q u e s  a r e  employed t o  r e d u c e  e x p e r i m e n t a l  
e r r o r .  Each e x p e r i m e n t  b e g i n s  w i t h  t h e  same i n i t i a l  s ee d  f o r  su b p ro g ram  
RANDOM. Thus ,  an i d e n t i c a l  s eq u en ce  o f  random numbers  o c c u r s  i n  each  
t r e a t m e n t .  A d d i t i o n a l l y ,  each  d i s t r i b u t i o n  g e n e r a t o r  i s  d e s i g n e d  t o  
u se  o n ly  one random number t o  g e n e r a t e  a random v a r i a t e ,  so t h a t  f o r  
a l l  t r e a t m e n t s ,  s am p l in g  i s  from th e  same a r e a  o f  t h e  c u m u l a t i v e  d i s t r i ­
b u t i o n .  F i n a l l y ,  t h e  i n t e r a r r i v a l  r a t e  i s  i n c r e a s e d  u n d e r  c o n d i t i o n s  
o f  no m achine  f a i l u r e s  t o  m a i n t a i n  f a c i l i t y  u t i l i z a t i o n  a t  90 p e r c e n t  
a c r o s s  a l l  t r e a t m e n t s .
Sample s i z e
The sample  s i z e  n e c e s s a r y  t o  d e t e c t  a d i f f e r e n c e  among means
*Data f o r  o t h e r  p e r fo r m a n c e  m e a s u r e s  a r e  g i v e n  i n  a p p e n d i x  F .
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I n  t h e  a n a l y s i s  o f  v a r i a n c e  was b a sed  on C o h e n ' s  In d ex  o f  d e p a r t u r e  
from no e f f e c t ,  " f , "  and t h e  power f u n c t i o n  o f  t h e  t e s t , 1 E f f e c t  s i z e ,
I n  te rm s  o f  " f , "  i s  b a se d  on t h e  d e p a r t u r e  o f  a l l  m eans ,  f o r  a g iv e n  
f a c t o r ,  from t h e  g ran d  mean. R e p r e s e n t a t i v e  c a l c u l a t i o n s  I n  terras  o f  
°  , t h e  s t a n d a r d  d e v i a t i o n  o f  f a c t o r  means ,  and a , t h e  e x p e r i m e n t a l
e r r o r  a r e  p r e s e n t e d  i n  a p p e n d i x  G.
4
A p i l o t  2 f a c t o r i a l  d e s i g n  was s i m u l a t e d  t o  g e t  I n i t i a l  e s t i m a t e s  
o f  main e f f e c t  s i z e s  and t h e  e x p e r i m e n t a l  e r r o r .  The l e v e l s  s e l e c t e d  
f o r  each  f a c t o r  a r e  l i s t e d  be low .
A. S c h e d u l i n g  Rule
1.  F i r s t  come, f i r s t  s e r v e d
2 .  S h o r t e s t  imminent  o p e r a t i o n
B. I n t e r a r r i v a l  Time D i s t r i b u t i o n
1. E x p o n e n t i a l
2 .  U n ifo rm
C. S e r v i c e  Time D i s t r i b u t i o n
1 .  E x p o n e n t i a l
2 .  Uniform
D. Time Between Breakdown D i s t r i b u t i o n
1. E x p o n e n t i a l
2 .  Ho m ach ine  f a i l u r e s
T ab le  8 p r e s e n t s  I n d i c e s  o f  main e f f e c t  s i z e  f o r  a l l  p e r f o r m a n c e  m e a s u r e s .  
The power o f  th e  t e s t s ,  f o r  a .05  l e v e l  o f  s i g n i f i c a n c e  and 200 d e g r e e s
1J a c o b  Cohen,  S t a t i s t i c a l  Power A n a l y s i s  f o r  t h e  B e h a v i o r a l  S c i e n c e s . 
(New York:  Academic P r e s s ,  19 6 9 ) ,  p p .  2 6 6 -3 9 6 .
57
TABLE 8
INDEX OF MAIN EFFECT SIZE,  f ,  FOR FACTORS A, B, C, 
AND D IN PILOT T* FACTORIAL EXPERIMENTS
P e r fo rm a n ce
M easure
f a
F a c t o r  A F a c t o r  B F a c t o r  C F a c t o r  D
M achine  U t i l i z a t i o n .021 .104 .152 .004
I n v e n t o r y  by Count .775 .101 .067 .111
I n v e n t o r y  by C o n te n t .729 .103 .0 88 .104
Mean Flow Time .746 .072 .1 2 3 .153
S t d .  Dev, Flow Time .179 .019 .235 . 113
Mean L a t e n e s s .8 6 0 .082 .101 .177
S t d .  Dev. L a t e n e s s .336 .0001 .213 .091
Mean T a r d i n e s s .479 .054 .097 .163
S t d ,  Dev. T a r d i n e s s .198 .018 .234 .106
N o t e s ;
F a c t o r  l e v e l s  w e re ;  S c h e d u l i n g  R u l e - - f l r s t  come, f i r s t  s e r v e d  
and s h o r t e s t  imminent o p e r a t i o n ;  I n t e r a r r i v a l  and S e r v i c e  Time D i s t r i ­
b u t i o n -  - e x p o n e n t i a l  and u n i f o r m ;  Time Between Breakdown D i s t r i b u t i o n - -  
e x p o n e n t i a l  and no machine  b re a k d o w n s .
The e x p e r i m e n t s  were  c o n d u c te d  u n d e r  th e  f o l l o w i n g  c o n d i t i o n s ;  
mean i n t e r a r r i v a l  t im e  * 0 .7 5  f o r  c o n d i t i o n s  o f  m achine  f a i l u r e s  and 
0 .7 1 6 3  f o r  c o n d i t i o n s  o f  no machine  f a i l u r e s ,  mean s e r v i c e  t ime ■ 1 . 0 ,  
mean t im e  be tw een  breakdowns  * 3 6 .3 6 3 6 ,  c o n s t a n t  r e p a i r  t im e  ■ 1 .8 1 8 1 8 .
A
In d e x  computed u s i n g  sample  s i z e  -  26 d a t a  b l o c k s ,  d e g r e e s  o f  
f reedom  -  1 ,  and 200 f o r  n u m e r a t o r  and d e n o m i n a t o r ,  r e s p e c t i v e l y .
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o f  f reedom  a r e  found  In  t a b l e  9 . ^  Power c a l c u l a t i o n s  were  r e p e a t e d  
u s i n g  t h e  e s t i m a t e s  o f  “ f "  and o w i t h  t h e  a p p r o p r i a t e  d e g r e e s  o f  f r e e ­
dom f o r  th e  f u l l  f a c t o r i a l  m ode l .  As t a b l e  10 i n d i c a t e s ,  I f  t h e  
e s t i m a t e s  b a se d  on p i l o t  e x p e r i m e n t s  a r e  r e p r e s e n t a t i v e ,  a sam ple  s i z e  
o f  t w e n t y - s i x  d a t a  b l o c k s  w i l l  g i v e  r e a s o n a b l e  power f o r  most p e r f o r m ­
an ce  m e a s u r e s .  Thus b a se d  on  r e s u l t s  o f  t h e  p i l o t  e x p e r i m e n t  and 
e x te n d e d  power v a l u e s ,  a sample  s i z e  o f  t h i r t y  d a t a  b lo c k s  was s e l e c t e d  
f o r  the  f u l l  f a c t o r i a l  m ode l .
C o n s t a n t  e x p e r i m e n t a l  c o n d i t i o n s
A l th o u g h  some e x p e r i m e n t a l  c o n d i t i o n s  v a r y  from e x p e r i m e n t  t o  
e x p e r i m e n t  s e v e r a l  c o n d i t i o n s  a r e  c o n s t a n t  f o r  a l l  t r e a t m e n t s .  The 
means o f  i n t e r a r r i v a l  and s e r v i c e  t im e  d i s t r i b u t i o n s  a r e  *75 and  1 . 0  
r e s p e c t i v e l y  f o r  c o n d i t i o n s  o f  m ach ine  b re a k d o w n s .  Under  c o n d i t i o n s  
of  no  machine  f a i l u r e s  t h e  mean i n t e r a r r i v a l  t im e  i s  d e c r e a s e d  t o  .7163 
t o  m a i n t a i n  f a c i l i t y  u t i l i z a t i o n  a t  90 p e r c e n t .  A l l  t im e  b e tw een  
breakdown g e n e r a t o r s  a r e  s u p p l i e d  a mean v a l u e  o f  3 6 .3 6 3 6 .  A c o n s t a n t  
v a l u e  o f  6 . 0  i s  u s e d  i n  subp rog ram  MJEDTE. R e p a i r  t im e  i s  a c o n s t a n t  
1 .81818  t im e  u n i t s .
Sungnarv o f  R e s e a r c h  M ethodology  
T h i s  c h a p t e r  p r e s e n t s  t h e  m e thodo logy  employed i n  f u l f i l l i n g  t h e  
r e s e a r c h  o b j e c t i v e s .  A f u l l  f a c t o r i a l  5x3x3x4 e x p e r i m e n t a l  d e s i g n  was 
s e l e c t e d  t o  combine t h e  p r i n c i p a l  and s e c o n d a r y  r e s e a r c h  o b j e c t i v e s  
I n t o  one e f f i c i e n t  r e s e a r c h  m ode l .
^ C o h e n 's  t e c h n i q u e  i s  a p p r o x i m a t e .  These  f i g u r e s  p r o v i d e  a lower 
bound on t h e  power e s t i m a t e .
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TABLE 9
POWER OF THE TEST FOR MAIN EFFECTS IN PILOT 24 
FACTORIAL EXPERIMENTS
P e r f o rm a n ce
Measure
Power o f t h e  T e s t 8
F a c t o r  A F a c t o r  B F a c t o r  C F a c t o r  D
M achine  U t i l i z a t i o n < . 160 .520 .8 6 0 < .160
I n v e n t o r y  by Count > .995 .520 .1 6 0 .520
I n v e n t o r y  by C o n te n t > .995 .520 .160 .520
Mean Flow Time > .995 .160 .5 2 0 .860
S t d .  Dev. Flow Time .860 < .160 .980 .520
Mean L a t e n e s s > .995 .160 .520 .860
S t d .  Dev. L a t e n e s s > .995 < .160 .9 80 .160
Mean T a r d i n e s s > .995 .160 .160 .860
S t d .  Dev. T a r d i n e s s .860 < .160 .990 .520
N o t e s :
F a c t o r  l e v e l s  w e re :  S c h e d u l i n g  R u l e - - f i r s t  come, f i r s t  s e r v e d
and s h o r t e s t  Imminent o p e r a t i o n ;  I n t e r a r r i v a l  and  S e r v i c e  Time D i s t r i ­
b u t i o n -  - e x p o n e n t i a l  and u n i f o r m ;  Time Between Breakdown D i s t r i b u t i o n - - 
e x p o n e n t i a l  and no machine  b reak d o w n s .
The e x p e r i m e n t s  were c o n d u c te d  u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :  
mean i n t e r a r r i v a l  t im e  * 0 .7 5  f o r  c o n d i t i o n s  o f  m ach ine  f a i l u r e s  and
0 .7163  f o r  c o n d i t i o n s  o f  no  machine  f a i l u r e s ,  mean s e r v i c e  t im e  •  1 . 0 ,  
mean t im e  be tw een  b reakdowns  * 3 6 .3 6 3 6 ,  c o n s t a n t  r e p a i r  t im e  -  1 .8 1 8 1 8 .
a Power o f  th e  t e s t  computed u s i n g  sample  s i z e  -  26 d a t a  b l o c k s ,  
d e g r e e s  o f  f r eedom  ■ 1,  and 200 f o r  n u m e r a t o r  and  d e n o m i n a t o r ,  r e s p e c -  
t  i v e l y ,
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TABLE 10
POWER OF THE TEST FROM PILOT 2* EXPERIMENT 
PROJECTED FOR FULL FACTORIAL DESIGN
P e r f o r m a n c e  Power o f  t h e  T e s t a
Measure Fa c to r  A Factor  B F actor  C Factor  D
Machine U t i l i z a t i o n < .620 .990 > .995 < .620
I n v e n to r y  by Count > .995 .990 .620 .990
I n v e n to r y  by Content > .995 .990 .620 .990
Mean Flow Time > .995 .620 .990 > .995
S t d .  Dev. Flow Time > .995 < .620 > .995 .990
Mean L a ten ess > .995 .620 .990 > .995
S t d .  Dev. L a ten ess > .995 < .620 > .995 .620
Mean T a rd in ess > .995 .620 .620 > .995
S t d .  Dev. T a rd in e ss > .995 < .620 > .995 .990
a Based on sample  s i z e  of  30 d a t a  b l o c k s ,  d e g r e e s  o f  f reedom  *
4 ,  2 ,  2 ,  and 3 i n  n u m e r a to r  and 1039, 1731,  1731, and 1298 in  d e n o m in a to r  
f o r  F a c t o r s  A, B, C, and D, r e s p e c t i v e l y .
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A s i m u l a t i o n  model o f  a h y p o t h e t i c a l  t e n  machine  job  shop was 
d e v e lo p e d  i n  o r d e r  t o  s t u d y  t h e  v a r i a b l e s  o f  i n t e r e s t .  V a l i d a t i o n  
p r o c e d u r e s  i n c l u d e d  i n d e p e n d e n t  t e s t s  o f  su b p ro g ram s  when p o s s i b l e , 
e v a l u a t i o n  o f  d e t a i l e d  p r i n t o u t s  o f  p i l o t  r u n s ,  a s  w e l l  a s  t h e  com­
p a r i s o n  of  r e s u l t s  from p i l o t  e x p e r i m e n t s  t o  p r e d e t e r m i n e d  t h e o r e t i c a l  
v a l u e s .
N e x t ,  s e v e r a l  i m p o r t a n t  I s s u e s  were  r e s o l v e d  b e f o r e  c o n d u c t i n g  
t h e  a c t u a l  e x p e r i m e n t s .  P i l o t  r u n s  w ere  u sed  t o  e s t i m a t e  when t h e  
s i m u l a t e d  shop  a t t a i n s  e q u i l i b r i u m  c o n d i t i o n s .  A d d i t i o n a l l y ,  r e s u l t s  
from e x p e r i m e n t s  were employed t o  d e t e r m i n e  d a t a  and i n t e r r u p t  block, 
s i z e  and t h e  mean t im e  be tw een  machine  b reak d o w n s .
F i n a l l y ,  a 2^ f a c t o r i a l  e x p e r i m e n t  was s i m u l a t e d  t o  g e t  i n i t i a l  
e s t i m a t e s  o f  main  e f f e c t  s i z e s  and t h e  e x p e r i m e n t a l  e r r o r .  R e s u l t s  
were  u sed  t o  d e t e r m i n e  th e  number o f  d a t a  b l o c k s  t o  be c o l l e c t e d  i n  t h e  
a c t u a l  e x p e r i m e n t s .
CHAPTER IV
ANALYSIS OF EXPERIMENTAL RESULTS
The f i r s t  s e c t i o n  o f  t h i s  c h a p t e r  c o n t a i n s  t h e  r e s u l t s  o f  t e s t s  
p e r fo rm e d  t o  d e t e r m i n e  how w e l l  d a t a  from t h e  e x p e r i m e n t s  meet t h e  
c o n d i t i o n s  a s s o c i a t e d  w i t h  t h e  a n a l y s i s  o f  v a r i a n c e .  A f t e r  t h i s ,  t h e  
r e s u l t s  o f  the  a n a l y s i s  o f  v a r i a n c e  "F" t e s t  a r e  g i v e n .  The l a s t  
s e c t i o n  p r e s e n t s  t h e  power of  t h e  a n a l y s i s  o f  v a r i a n c e  "F"  t e s t .
T e s t  o f  C o n d i t i o n s  A s s o c i a t e d  w i t h  th e  
A n a l y s i s  o f  V a r i a n c e
A n a l y s i s  o f  v a r i a n c e  a s s "m es  ( 1 )  I n d e p e n d en c e  o f  o b s e r v a t i o n s ,
( 2 )  o b s e r v a t i o n s  drawn from n o r m a l l y  d i s t r i b u t e d  p o p u l a t i o n s ,  and ( 3 )
hom o g en e i ty  o f  p o p u l a t i o n  v a r i a n c e s .  P r e s e n t e d  i n  t h i s  s e c t i o n  a r e
t h e  r e s u l t s  o f  s t a t i s t i c a l  t e s t s  employed t o  d e t e r m i n e  how w e l l  d a t a
2
f rom  t h e  e x p e r i m e n t s  f u l f i l l  t h e s e  a s s u m p t i o n s .
Homogeneity  o f  v a r i a n c e s
B a r t l e t t ' s  and C o c h r a n ' s  t e s t  were  a p p l i e d  t o  d a t a  from t h e  
e x p e r i m e n t s  t o  t e s t  th e  n u l l  h y p o t h e s i s  o f  e q u a l  v a r i a n c e s  among
^ R o b e r t  G. D. S t e e l  and James H. T o r r i e ,  P r i n c i p a l s  and  P r o ­
c e d u r e s  o f  S t a t i s t i c s . (New York: McGraw-Hil l  Book C o . ,  I n c . ,  1960)
p .  128.
2
The r e s u l t s  o f  t h e  t e s t s  f o r  t r a n s f o r m e d  and n o n - t r s n s f o r r a e d  
d a t a  a r e  t a b l e d  in  Appendix  H*
62
63
t r e a t m e n t s . ^  I n  a d d i t i o n  t o  a c t u a l  o b s e r v a t i o n s ,  f i v e  t r a n s f o r m a t i o n s
o f  t h e  d a t a  were  u s e d  i n  an  e f f o r t  t o  improve h om ogene i ty  o f  t r e a t m e n t
2v a r i a n c e s .  These  t r a n s f o r m a t i o n s  w ere :
1.  N a t u r a l  l o g a r i t h m  o f  each  o b s e r v a t i o n
2.  N a t u r a l  l o g a r i t h m  o f  one p l u s  e sc h  o b s e r v a t i o n
3 .  I n v e r s e  o f  each  o b s e r v a t i o n
4 .  S q u a re  r o o t  o f  each  o b s e r v a t i o n
5.  S qua re  r o o t  o f  o r ^ - h a l f  p l u s  each  o b s e r v a t i o n
V a lu es  f o r  t h e  mean t a r d i n e s s  p e r f o r m a n c e  m easure  were f r e q u e n t l y  
n e g a t i v e ,  t h e r e f o r e ,  2 6 . 0  was added t o  each o b s e r v a t i o n  so t h a t  the  
s q u a r e  r o o t  and n a t u r a l  l o g a r i t h m  c o u ld  be com puted .  For  a s i m i l a r
r e a s o n ,  1 .0  was added  t o  t h e  mean and s t a n d a r d  d e v i a t i o n  o f  t a r d i n e s s
o b s e r v a t i o n s  b e f o r e  t r a n s f o r m a t i o n ,  s i n c e  z e r o  v a l u e s  o c c u r r e d  f o r  t h e s e  
p e r fo rm a n c e  m e a s u r e s .
For  B a r t l e t t ' s  t e s t  t h e  n u l l  h y p o t h e s i s  i s  r e j e c t e d  a t  t h e  .0005 
l e v e l  f o r  a l l  p e r fo rm a n c e  m e asu re s  a c r o s s  a l l  t r e a t m e n t s .  The s i t u a t i o n  
I s  improved  f o r  some t r a n s f o r m a t i o n s ,  b u t  n o t  enough t o  a c c e p t  th e  
h y p o t h e s i s .  R e s u l t s  a r e  s i m i l a r  f o r  C o c h r a n ' s  t e s t ,  a t  t h e  .01 l e v e l .  
Based on t h e s e  r e s u l t s ,  t h e  t r a n s f o r m s t i o n  f o r  e ac h  p e r fo rm a n c e  m easure  
which most improved h om ogene i ty  was s e l e c t e d  f o r  s u b s e q u e n t  u se  In  th e  
a n a l y s i s  of  v a r i a n c e .  These  t r a n s f o r m a t i o n s  a r e  l i s t e d  i n  t a b l e  11 .
These  t e s t s  a r e  d i s c u s s e d  i n  W i l f r i d  J .  Dixon and F ran k  M. 
M assey ,  J r . ,  I n t r o d u c t i o n  t o  S t a t i s t i c a l  A n a l y s i s . 3d e d . ,  (New York: 
McGraw-Hil l  Book C o . ,  I n c . ,  1 9 6 9 ) ,  p p .  3 0 8 -3 1 0 .
2
I b i d . ,  p p .  323 324 .
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TABLE 11
DATA TRANSFORMATION SELECTED TO FULFILL 
HOMOGENEITY OF VARIANCE ASSUMPTION
P e r f o r m a n c e  Measure T r a n s f o r m a t i o n  S e l e c t e d
Machine U t i l i z a t i o n None
I n v e n t o r y  by Count Square  Root (x+%)
I n v e n t o r y  by C o n te n t N a t u r a l  L o g a r i t h m  ( x )
Mean Flow Time None
S t d .  Dev. Flow Time I n v e r s e  (x )
Mean L a t e n e s s None
S t d .  Dev. L a t e n e s s N a t u r a l  L o g a r i t h m  ( x )
Mean T a r d i n e s s Square  Root (x+lf)
S t d .  Dev. T a r d i n e s s N a t u r a l  L o g a r i t h m  (x+1)
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N o r m a l i t y  o f  t h e  o b s e r v a t i o n s
The n o n p a r a m e t r l c  Kolomogorov-Smirnov one sample  goodness  o f  
f i t  t e s t  was a p p l i e d  t o  t h e  t r a n s f o r m e d  d a t a  t o  e v a l u a t e  t h e  n u l l  
h y p o t h e s i s  t h a t  o b s e r v a t i o n s  w i t h i n  a t r e a t m e n t  a r e  n o r m a l l y  d i s t r i ­
b u t e d .  1 A l though  t h e r e  a r e  e x c e p t i o n s ,  t h e  n u l l  h y p o t h e s i s  I s  n o t  
r e j e c t e d  a c r o s s  a l l  t r e a t m e n t s  f o r  any  p e r f o r m a n c e  m e a s u r e .
In d e p e n d en c e  o f  t h e  o b s e r v a t i o n s
The n u l l  h y p o t h e s i s  t h a t  t r a n s f o r m e d  o b s e r v a t i o n s  w i t h i n  a 
t r e a t m e n t  a r e  I n d e p e n d e n t  was t e s t e d  by t h e  W ald -W olfow i tz  and D urb in -  
Watson t e s t s  f o r  s e r i a l  c o r r e l a t i o n ,  d e s c r i b e d  In  C h a p t e r  I I I .  For t h e  
W ald-W olfowitz  t e s t ,  t h e  n u l l  h y p o t h e s i s  i s  r e j e c t e d  a t  t h e  .01 l e v e l  
a c r o s s  a l l  t r e a t m e n t s  f o r  machine  u t i l i z a t i o n .  However,  th e  s i t u a t i o n  
im proves  f o r  t h e  o t h e r  p e r fo rm a n c e  m e a s u r e s .
R e s u l t s  o f  th e  D u rb in -W a tso n  t e s t  show t h a t  t h e  n u l l  h y p o t h e s i s  
i s  n o t  r e j e c t e d  a c r o s s  a l l  t r e a t m e n t s  f o r  any p e r fo rm a n c e  m e a s u r e .  A 
t h i r d  p r o c e d u r e ,  t h e  n o n p a r a m e t r l c  r u n s  t e s t ,  was u s ed  t o  t e s t  t h e
h y p o t h e s i s  t h a t  n o n t r a n s f o r m e d  o b s e r v a t i o n s  w i t h i n  a t r e a t m e n t  r e p r e s e n t
2
a random sam ple .  The r e s u l t s  a r e  s i m i l a r  t o  t h e  W ald -W olfow l tz  and
D urb in -W atson  t e s t s  However,  f o r  t h e  r u n s  t e s t ,  t h e  h y p o t h e s i s  o f
randomnesB i s  a c c e p t e d  more o f t e n  f o r  m ach ine  u t i l i z a t i o n ,  mean f low  
t im e  and the  s t a n d a r d  d e v i a t i o n s  o f  f low t im e  and l a t e n e s s .
1The Kolmogorov-Smirnov t e s t  i s  o u t l i n e d  i n  S i e g e l ,  N o n p a ra m e t r l c  
S t a t i s t i c s  f o r  t h e  B e h a v i o r a l  S c i e n c e s , pp .  4 7 - 5 2 .  P r o c e d u r e s  f o r  t e s t ­
ing  f o r  n o r m a l i t y  when th e  mean and v a r i a n c e  a r e  e s t i m a t e d  from t h e  
ssntple  a r e  p r e s e n t e d  i n  H ube r t  W. L i l l i e f o r s ,  "On th e  Kolmogorov- 
Smirnov T e s t  f o r  N o r m a l i t y  w i t h  Mean and V a r i a n c e  Unknown," J o u r n a l  o f  
t h e  American  S t a t i s t i c a l  A s s o c i a t i o n . 63 ( J u n e  1967):  3 9 9 -4 0 2 .
2
S i e g e l ,  N o n p a ra m e t r l c  S t a t i s t i c s  f o r  the  B e h a v i o r a l  S c i e n c e s .
pp.  5 2 - 5 8 .
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A d e f i n i t e  s t a t e m e n t  c a n n o t  be  made a s  t o  how w e l l  t h e  d a t a  from 
t h e  e x p e r i m e n t s  meet  t h e  c o n d i t i o n s  a s s o c i a t e d  w i t h  a n a l y s i s  o f  v a r i ­
a n c e .  The t h r e e  a s s u m p t io n s  a r e  n o t  f u l f i l l e d  a c r o s s  a l l  t r e a t m e n t s  
f o r  any p e r fo r m a n c e  m e a s u r e .  Because  o f  t h e s e  r e s u l t s ,  the  r e a d e r  
s h o u ld  c o n s i d e r  w i t h  c a u t i o n ,  c o n c l u s i o n s  o f  th e  a n a l y s i s  employed 
below t h a t  r e s t s  on t h e s e  a s s u m p t i o n s .
A n a l y s i s  o f  V a r i a n c e
The a n a l y s i s  o f  v a r i a n c e  "F" t e s t  was a p p l i e d  t o  t r a n s f o r m e d  
d a t a  from t h e  e x p e r i m e n t s  t o  d e t e r m i n e  s t a t i s t i c a l l y  s i g n i f i c a n t  
e f f e c t s . *  R e s u l t s  o f  th e  a n a l y s i s  a r e  p r e s e n t e d  i n  t a b l e  12. Appendix  
I  c o n t a i n s  t h e  outcome o f  t h e  a n a l y s i s  f o r  n o n t r s n s f o r m e d  d a t a .
S in c e  most  o f  th e  e f f e c t s  a r e  i n s i g n i f i c a n t  a t  t h e  .05  l e v e l ,  
o n l y  t h e  s i g n i f i c a n t  r e s u l t s  a r e  s u m n a r lz e d  be low .
The "F" t e s t  i n d i c a t e s  t h a t  f o r  shop p e r f o r m a n c e  m easu re s  a l l  
main  e f f e c t s  a r e  s i g n i f i c a n t  a t  t h e  .0001 l e v e l  e x c e p t  machine  u t i l i z a ­
t i o n  which i s  s i g n i f i c a n t  a t  t h e  *0241 l e v e l .  F o r  i n v e n t o r y  by c o u n t  
and  c o n t e n t ,  t h e  two f a c t o r  I n t e r a c t i o n  o f  s c h e d u l i n g  r u l e  and  s e r v i c e  
t im e  d i s t r i b u t i o n  i s  s i g n i f i c a n t  a t  t h e  .0001 l e v e l .  The i n t e r a c t i o n  
e f f e c t  o f  s e r v i c e  t im e  and t im e  b e tw ee n  breakdown d i s t r i b u t i o n s  i s  
s i g n i f i c a n t  a t  t h e  .0277 l e v e l  f o r  th e  i n v e n t o r y  by c o n t e n t  p e r f o r m a n c e  
m e a s u r e .  No o t h e r  e f f e c t s  a r e  s i g n i f i c a n t  f o r  shop r e l a t e d  m e a s u r e s .
R e s u l t s  o f  t h e  a n a l y s i s  show t h a t  a l l  main e f f e c t s  and the  
s c h e d u l i n g  r u l e - s e r v l c e  t im e  d i s t r i b u t i o n  I n t e r a c t i o n ,  a r e  s t a t i s t i c a l l y  
s i g n i f i c a n t  a t  t h e  .0001 l e v e l  f o r  Job r e l a t e d  p e r f o r m a n c e  m e a s u r e s .
*The f i x e d - e f f e c t s  a n a l y s i s  o f  v a r i a n c e  model i s  employed in  t h i s  
r e s e a r c h .
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TABLE 12
PROBABILITY OF ANALYSIS OF VARIANCE F STATISTIC 
UNDER THE NULL HYPOTHESIS OF NO EFFECT FOR 
TRANSFORMED DATA FROM EXPERIMENTS
Degrees
o f
S o u r c e  Freedom
Machine
U t i l i ­
z a t i o n
I n v e n ­
t o r y  by 
Count
I n v e n ­
t o r y  by 
C o n te n t
Mean
Flow
Time
A 4 0 .0 2 4 1 * 0 .00 0 1 * * 0 .0 0 0 1 * * 0 .00 0 1 * *
B 2 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 001**
C 2 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .00 0 1 * * 0 .0 001**
D 3 0 .0 2 2 3 * 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * *
AB 8 0.9947 0 .1061 0 .3 3 3 9 0 .2 2 0 3
AC 8 0.5826 0 .0 0 0 1 * * 0 .0 001** 0 .0 0 0 1 * *
BC 4 0 .9043 0 .7 4 9 4 0 .7 1 0 5 0 .5 2 6 6
AD 12 0 .9993 0 .8917 0 .9 0 6 7 0 .5 2 6 9
BD 6 0 .9987 0 .9 1 4 0 0 .9 6 3 5 0 .8 7 2 8
CD 6 0.9864 0 .0 5 4 5 0 .0 2 7 7 * 0 .1 9 1 6
ABC 16 0 .9 8 2 0 0 .9962 0 .9 9 1 0 0 .9 9 7 3
ABD 24 1.0000 0 .9 9 8 8 0 .9968 0 .9 9 8 4
ACD 24 1 .0000 0 .9977 0 .9 9 9 8 0 .9607
BCD 12 1 .0000 0 .9998 0 .9974 0 .9 9 3 0
ABCD 48 1.0000 1 .0000 1 .0000 0.9977
*
N u l l  h y p o t h e s i s  o f  no e f f e c t r e j e c t e d  a t .05  l e v e l .
**
N u l l  h y p o t h e s i s o f  no  e f f e c t  r e j e c t e d  a t .01 l e v e l .
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TABLE 12 (C ontinued)
S o u r ce
S t d .
Dev.
Flow
Time
Mean 
La t e n e s s
S t d .
Dev.
L a t e n e s s
Mean
T a r d i n e s s
S t d .
Dev.
T a r d i n e s s
A 0 .00 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * *
B 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .00 0 1 * *
C 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * *
D 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * *
AB 0 .0 0 0 1 * * 0 .0 9 8 8 0 .00 1 2 * * 0 .2317 0 .0 6 7 9
AC 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * * 0 .0 0 0 1 * *
BC 0 .0 0 1 0 * * 0 .5 9 2 7 0 .0 0 3 2 * * 0 .0 6 9 6 0 .0 0 0 1 * *
AD 0 .0 0 1 4 * * 0 .2 6 3 8 0 .00 0 1 * * 0 .0111* 0 .2 4 9 6
BD 0 .7 7 5 6 0 .7 9 4 8 0 .7748 0 .6 0 2 4 0 .8989
CD 0 .2 2 3 0 .0 9 5 9 0 .1986 0 .0 5 4 0 0 .1 6 8 8
ABC 0 .9 4 0 9 0 .9 9 0 5 0 .3705 0 .9582 0 .9 3 5 0
ABD 0.9832 0 .9922 0 .8301 0 .9829 0 .9945
ACD 0.9917 0 .8 6 5 5 0 .9888 0 .9192 0 .9992
BCD 0 .9 9 7 4 0 .9821 0 .2363 0 .8 9 1 0 0 .7444
ABCD 0 ,9 9 9 0 0 .9 7 5 8 0 .8941 0 .9762 0 .9938
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The two f a c t o r  i n t e r a c t i o n s  o f  s c h e d u l i n g  r u l e - a r r i v a l  d i s t r i b u t i o n ,  
s c h e d u l i n g  r u l e - t l m e  b e tw een  b reakdown d i s t r i b u t i o n s  a r e  s i g n i f i c a n t  
f o r  t h e  s t a n d a r d  d e v i a t i o n  o f  f low  t im e  and l a t e n e s s .  The "FM t e s t s  
i n d i c a t e  t h a t  t h e  o n ly  o t h e r  s i g n i f i c a n t  i n t e r a c t i o n s  a r e  s c h e d u l i n g  
r u l e - t l m e  be tween  breakdown d i s t r i b u t i o n  and a r r i v a l  t l m e - s e r v i c e  t im e  
d i s t r i b u t i o n s  f o r  t h e  mean and  s t a n d a r d  d e v i a t i o n  o f  t a r d i n e s s  r e s p e c ­
t i v e l y .
I n d i c e s  o f  main  e f f e c t  s i z e s  were  computed f o r  t r a n s f o r m e d  
d a t a  i n  o r d e r  t o  g e t  an  i n d i c a t i o n  o f  t h e  e f f e c t  s i z e  d e t e c t e d  i n  t h e  
a n a l y s i s .  The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  p r e s e n t e d  in  a p p e n d ix  
J .  E s t i m a t e s  of  t h e  power o f  t h e  t e s t  f o r  main e f f e c t s  were  computed ,  
b a s e d  on t h e s e  i n d i c e s .  As shown i n  t a b l e  13, t h e  power e s t i m a t e s  a r e  
g r e a t e r  t h a n  .9 95  f o r  most  p e r fo r m a n c e  m e a s u r e s .
I n  t h i s  s e c t i o n  t h e  r e s u l t s  o f  t h e  a n a l y s i s  o f  v a r i a n c e  and 
e s t i m a t e s  o f  t h e  power of  t h e  t e s t B  have been  p r e s e n t e d .  I n t e r p r e t a ­
t i o n  o f  t h e s e  r e s u l t s  i s  d i s c u s s e d  in  t h e  n e x t  c h a p t e r .
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TABLE 13
POWER OF THE TEST FOR MAIN EFFECTS FOR TRANSFORMED 
DATA FROM THE EXPERIMENTSa
P e r f o rm a n ce Power o f t h e  T e s t b
M easure F a c t o r  A F a c t o r  B F a c t o r  C F a c t o r  D
Machine
U t i l i z a t i o n < .820 < .700 > .995 < .770
I n v e n t o r y  
by Count > .995 > .995 > .995 < .770
I n v e n t o r y  
by C o n te n t > .995 < .700 > .995 < .770
Mean
Flow Time > .995 > .995 > .995 > .995
S t d .  Dev. 
Flow Time > .995 > .995 > .995 > .995
Mean L a t e n e s s > .995 > .995 > .995 > .995
S t d .  Dev. 
L a t e n e s s > .995 < .700 > .995 > .995
Mean
T a r d i n e s s > .995 > .995 > .995 > .995
S t d .  Dev. 
T a r d i n e s s > .995 > ,995 > .995 > .995
£
Sample s i z e  ■ 30 d a t a  b l o c k s ,  d e g r e e s  o f  f reedom -  4 ,  2 ,  2 ,  and 
3 f o r  n u m e r a t o r  and 1039,  1731, 1731, and 1298 f o r  d e n o m in a to r  f o r  
F a c t o r s  A, B, C and D r e s p e c t i v e l y .
^ L ev e l  of  s i g n i f i c a n c e  f o r  Type I  e r r o r - . 05,  i n d i c a t e d  power 
g i v e s  a low er  bound on t h e  power e s t i m a t e .
CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
S i g n i f i c a n t  two f a c t o r  i n t e r a c t i o n s  a r e  a n a l y z e d  In  t h e  f i r s t  
s e c t i o n  o f  t h i s  c h a p t e r .  T h i s  I s  f o l l o w e d  by a d i s c u s s i o n  o f  s i g n i f i c a n t  
main  e f f e c t s .  The im pac t  o f  machine  breakdowns on e a c h  s c h e d u l i n g  r u l e  
I s  c o n s i d e r e d  in  t h e  t h i r d  s e c t i o n .  I n  t h e  l a s t  two s e c t i o n s  c o n c l u s i o n s  
r e a c h e d  i n  t h e  r e s e a r c h  and recom m enda t ions  f o r  f u t u r e  r e s e a r c h  a r e  
p r e s e n t e d .
Two F a c t o r  I n t e r a c t i o n s
S i g n i f i c a n t  two f a c t o r  i n t e r a c t i o n s  s u g g e s t  t h a t  p a r t i c u l a r  com­
b i n a t i o n s  o f  l e v e l s  from t h e  f a c t o r s  p ro d u c e  r e s u l t s  t h a t  a r e  s i g n i f i ­
c a n t l y  d i f f e r e n t  from o t h e r  c o m b i n a t i o n s . ^  When t h e  power o f  t h e  
a n a l y s i s  o f  v a r i a n c e  " f " t e s t  i s  h i g h ,  a s  I n d i c a t e d  f o r  t h i s  r e s e a r c h ,  
t h e  I n t e r a c t i o n s  may be s l i g h t ,  b u t  y e t ,  s t a t i s t i c a l l y  s i g n i f i c a n t .
When t h i s  o c c u r s ,  i t  i s  o f t e n  d i f f i c u l t  t o  r e a c h  c o n c l u s i o n s  a b o u t  t h e  
n a t u r e  o f  t h e  i n t e r a c t i o n .  T h e r e f o r e ,  i n  t h i s  s e c t i o n  o n l y  two f i r s t  
o r d e r  I n t e r a c t i o n s  a r e  d i s c u s s e d .
The f i r s t  I n t e r a c t i o n  c o n s i d e r e d  I s  t h a t  o f  t h e  s c h e d u l i n g  r u l e  
and  breakdown d i s t r i b u t i o n .  S in c e  t h e  p r i n c i p a l  o b j e c t i v e  o f  t h i s  
r e s e a r c h  l a  t o  I n v e s t i g a t e  t h e  e f f e c t  o f  machine  f a i l u r e s  on s c h e d u l i n g
^The te rm  f i r s t  o r d e r  i n t e r a c t i o n  w i l l  a l s o  be  u s e d  t o  d e s c r i b e  
two f a c t o r  i n t e r a c t i o n s .
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r u l e  p e r f o r m a n c e ,  t h i s  i n t e r a c t i o n ,  however  s l i g h t ,  i s  i m p o r t a n t .
S c h e d u l i n g  r u l e  and  s e r v i c e  t im e  d i s t r i b u t i o n  i s  th e  second  
i n t e r a c t i o n  s t u d i e d  i n  t h i s  s e c t i o n . 1 A n a l y s i s  o f  t h i s  i n t e r a c t i o n  
s u g g e s t s  t h a t  r e s u l t s  o f  p r e v i o u s  r e s e a r c h  on s c h e d u l i n g  r u l e s  may have 
b e en  I n f l u e n c e d  by th e  s e r v i c e  t im e  d i s t r i b u t i o n  em ployed .
S c h e d u l i n g  r u l e  and  breakdown d i s t r i b u t i o n
S c h e d u l i n g  r u l e  and breakdown d i s t r i b u t i o n  i n t e r a c t i o n s  were 
s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  t h r e e  p e r f o r m a n c e  m e a s u re s  which i n c l u d e  
t h e  s t a n d a r d  d e v i a t i o n  o f  f low  t im e  and l a t e n e s s ,  and t h e  mean v a l u e  
of  t a r d i n e s s .  I h e  v a l u e s  o f  t h e s e  p e r f o r m a n c e  m e asu re s  f o r  a l l  com­
b i n a t i o n s  o f  l e v e l s  from eac h  f a c t o r  a r e  p r e s e n t e d  i n  a p p e n d i x  K. D i f ­
f e r e n c e s  o c c u r  among th e  s c h e d u l i n g  r u l e s  and r e s u l t s  v a r y  a c r o s s  t h e  
b reakdown d i s t r i b u t i o n s .  However, t h e  cau se  o f  t h e  i n t e r a c t i o n s  i s  
n o t  r e a d i l y  a p p a r e n t .  To a i d  i n  s t u d y i n g  t h e  i n t e r a c t i o n s ,  t h e  r e s u l t s  
f o r  e ach  s c h e d u l i n g  r u l e  a s  a f u n c t i o n  o f  t h e  b reakdown d i s t r i b u t i o n  
a r e  g ra p h e d  f o r  each  p e r f o r m a n c e  m e a s u re .
F i g u r e  3 c o n t a i n s  t h e  g raph  f o r  t h e  s t a n d a r d  d e v i a t i o n  o f  f low 
t i m e .  S i m i l a r  g r a p h s  f o r  the  s t a n d a r d  d e v i a t i o n  o f  l a t e n e s s  and mean 
t a r d i n e s s  a r e  p r e s e n t e d  i n  f i g u r e s  h and  5 ,  r e s p e c t i v e l y .  The s t a n d a r d  
d e v i a t i o n  o f  f lo w  t im e  r e s u l t s  f o r  t h e  FCFS s c h e d u l i n g  r u l e  a r e  l a r g e r  
t h a n  b o th  t h e  SSLACK and DSLACK r u l e  a c r o s s  a l l  d i s t r i b u t i o n s  e x c e p t  
no machine  f a i l u r e s .  When c o n s i d e r i n g  t h e  s t a n d a r d  d e v i a t i o n  o f  l a t e ­
n e s s ,  r e s u l t s  f o r  a l l  s c h e d u l i n g  r u l e s  e x c e p t  th e  FISFS r u l e  show a
1The r e m a i n i n g  two f a c t o r  i n t e r a c t i o n s  were  a p p a r e n t l y  v e r y  
s l i g h t  and n o t  r e a d i l y  i n t e r p r e t a b l e .  Graphs  o f  t h e s e  i n t e r a c t i o n s  a r e  
p r e s e n t e d  i n  a p p e n d i x  L.
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S t d . Dev. 
Flow Time
3 5 .0
FCFS
3 0 .0
DSLACK •SIO 
, SSLACK
2 5 .0
2 0 . 0
FISFS
Breakdown 
4  D i s t r i b u t i o n ^0 . 0
F i g u r e  3. I n t e r a c t i o n  o f  s c h e d u l i n g  r u l e  and breakdown d i s t r i b u t i o n  
f o r  t r a n s f o r m e d  s t a n d a r d  d e v i a t i o n  flow t im e .  R e s u l t s  
p r e s e n t e d  i n  o r i g i n a l  s c a l e .
a
1 - - H y p e r - e x p o n e n t i a 1
2- E x p o n e n t i a l
3- - E r l a n g
U--No machine  f a i l u r e s
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S t d .  Dev, 
L a t e n e s s
3 0 . 0
SIO
2 5 . 0
2 0 . 0
FCFS
FISFS
1 5 .0
10.0
S SLACK 
. .  DSLACK 
j  Breakdown 
U D i s t r i b u t i o n
0.0
1 2 3
F i g u r e  4 .  I n t e r a c t i o n  o f  s c h e d u l i n g  r u l e  and breakdown d i s t r i b u t i o n  
f o r  t r a n s f o r m e d  s t a n d a r d  d e v i a t i o n  l a t e n e s s .  R e s u l t s  
p r e s e n t e d  i n  o r i g i n a l  s c a l e .
1- -H y p e r -e x p o n e n t  l a  1
2- E x p o n e n t i a l
3 - - E r l a n g
4--No  machine  f a i l u r e s
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Mean
Tard in e s s
. 0
. 0
FCFS
F I S F S
0
DSLACK
SSLACK
SIO
Breakdown 
4 D i s t r i b u t i o n
Figure  5. I n t e r a c t i o n  o f  s c h e d u l in g  r u l e  and breakdown d i s t r i b u t i o n  
for  transformed mean t a r d i n e s s .  R e s u l t s  p resen ted  in  
o r i g i n a l  s c a l e .
a ,
1 - -Hyper-exponent i a 1
2 - -Exponent i a 1
3 -  - E r  l a n g
4 - -N o  machine f a i l u r e s
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n o t i c e a b l e  d e c re a se  under c o n d i t i o n s  o f  no machine f a i l u r e s .  R e s u l t s  
f o r  the mean t a r d i n e s s  measure are l e s s  c l e a r .
An a n a l y s i s  o f  v a r i a n c e  "F" t e s t  was performed w i th  the  l e v e l  
of  no machine f a i l u r e s  ex c lu d ed  in  an e f f o r t  to  determ ine  the c r i t i c a l  
l e v e l  for  the breakdown d i s t r i b u t i o n  f a c t o r .  The outcome o f  the ”F" 
t e s t  for  t h i s  a n a l y s i s  i s  r ep o r t ed  in  appendix  K. With the  l e v e l  o f  no 
machine f a i l u r e s  exc lu d ed  the f i r s t  order  i n t e r a c t i o n  of  s c h e d u l in g  r u le  
and time between breakdowns d i s t r i b u t i o n  i s  not s t a t i s t i c a l l y  s i g n i f i ­
cant for  the standard d e v i a t i o n  of  f low  time and l a t e n e s s  or mean 
t a r d i n e s s .  Thus, i t  appears  th a t  the c o n d i t i o n  o f  no machine f a i l u r e s  
i s  the c r i t i c a l  l e v e l  o f  the  breakdown d i s t r i b u t i o n  f a c t o r .
S c h e d u l in g  r u l e  and s e r v i c e  time d i s t r i b u t i o n
The mean v a l u e s  o f  performance measures fo r  s i g n i f i c a n t  s c h e d u l ­
ing r u l e - - s e r v i c e  time d i s t r i b u t i o n  i n t e r a c t i o n s  are  p r e se n t e d  in  
appendix  M. C lose  s tud y  o f  th e s e  v a l u e s  i n d i c a t e s  th a t  the combination  
o f  SIO s c h e d u l in g  r u le  and e x p o n e n t i a l  s e r v i c e  time d i s t r i b u t i o n  i s  
c a u s in g  the s i g n i f i c a n t  i n t e r a c t i o n .  The i n t e r a c t i o n  i s  c l e a r l y  i l l u s ­
t r a t e d  when v a l u e s  for  each s c h e d u l in g  r u l e  are graphed as a f u n c t io n  
o f  the s e r v i c e  time d i s t r i b u t i o n .
F igure  6 i s  r e p r e s e n t a t i v e  o f  s i g n i f i c a n t  i n t e r a c t i o n s  for  
each performance measure.  The remain ing graphs are r ep o r t ed  in  appendix  
M. When the SIO r u l e  i s  combined with  e x p o n e n t ia l  s e r v i c e  t im es  p e r ­
formance improves s i g n i f i c a n t l y  for  a l l  m easures .  These r e s u l t s  are 
summarized below.
When c o n s i d e r i n g  in v e n t o r y  by count the SIO r u l e  y i e l d s  lower  
f i g u r e s  than any o th er  r u l e  fo r  a l l  s e r v i c e  time d i s t r i b u t i o n s .  However,
77
I n v e n t o r y  
by  Count
DSLACK 
SSLACK FCFS
FISFS6 5 . 0
5 5 .0
SIO4 5 . 0
3 5 .0
S e r v i c e  Time 
D i s t r i b u t i o n0 . 0
U nifo rmE x p o n e n t i a l E r l a n g
F i g u r e  6 . I n t e r a c t i o n  o f  s c h e d u l i n g  r u l e  and s e r v i c e  t ime d i s t r i ­
b u t i o n  f o r  t r a n s f o r m e d  i n v e n t o r y  by c o u n t .  R e s u l t s  p r e s e n t e d  
In  o r i g i n a l  s c a l e .
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a trend o f  more job s  in  the shop i s  r e v e r s e d  fo r  e x p o e n t i a l  s e r v i c e  times*  
The SIO r u le  when combined w i th  e x p o n e n t i a l  s e r v i c e  t i m e s ,  y i e l d s  lower  
f i g u r e s  than the FCFS, SSLACK, and DSLACK r u l e s  f o r  the  s tandard d e v i a ­
t i o n  o f  f low t im e.  When c o n s i d e r i n g  the s tan d ard  d e v i a t i o n  o f  t a r d i n e s s  
measure, the S l O - e x p o n e n t i a 1 com bination  i s  s u p e r io r  to  a l l  but the  
DSLACK s c h e d u l in g  r u l e .  In the c a se  of  the s tand ard  d e v i a t i o n  o f  l a t e ­
n e s s  t h i s  trend i s  reduced to  the p o i n t  t h a t  a l l  r u l e s  e x c e p t  FCFS produce  
sm a l le r  v a l u e s  when o p e r a t i n g  w i th  e x p o n e n t i a l  s e r v i c e  t i m e s .
Main E f f e c t s
Duncan's new m u l t i p l e  range t e s t  was used to  a n a ly z e  s i g n i f i c a n t  
main e f f e c t s .  With t h i s  procedure a s e t  o f  means are rank ordered and 
a l l  p o s s i b l e  p a ir e d  comparisons  are e v a l u a t e d  f o r  s t a t i s t i c a l  d i f f e r ­
e n c e s .^  Each f a c t o r  can be s t u d ie d  w i th  t h i s  procedure  to  determine  
which l e v e l s  c o n t r i b u t e  to  the  s i g n i f i c a n c e  o f  a main e f f e c t .
S c h e d u l in g  r u le
F igure  7 c o n t a i n s  the r e s u l t s  o f  Duncan's t e s t  a p p l i e d  to  a l l  
performance measures  fo r  the s c h e d u l in g  r u l e  main e f f e c t .  For machine  
u t i l i z a t i o n  the o n ly  s i g n i f i c a n t  d i f f e r e n c e  i s  between the  SIO and 
DSLACK r u le  w ith  the former y i e l d i n g  the h i g h e s t  l e v e l  o f  u t i l i z a t i o n  
and the l a t t e r  the l o w e s t .
When c o n s i d e r i n g  in v e n t o ry  by c o u n t ,  the a r r i v a l  order  r u l e s ,
FCFS and FISFS, produce the h i g h e s t  v a l u e s  and are  not s t a t i s t i c a l l y  
d i f f e r e n t .  DSLACK and SSLACK rank th ird  and f o u r t h ,  r e s p e c t i v e l y ,  w i th
^The Duncan t e s t  i s  d e s cr ib e d  in  S t e e l  and T o r r i e ,  P r i n c i p a l s  
and Procedures  o f  S t a t i s t i c s . pp. 1 0 7 -1 0 9 .  The means are  ranked from 
l a r g e s t  to  s m a l l e s t  w i th  the rank o f  one a s s i g n e d  to  the l a r g e s t  v a l u e .
________ Machine U t i l i z a t i o n _______
Duncan's Mean Schedul ing
T es t  Values
90 .39
90 .28
90.07
89 .99
89.91
Rule
SIO
FCFS
FISFS
SSLACK
DSLACK
I n v e n t o r y  by Count
t a u __Duncan 's  Mean S c h e d u l in g
T e s t  Values  Rule
1
Inventory by Content------------ . . . . . .  i . .  - - 1.. ■ i . i
Duncan's MeanD Scheduling
Test  Values Rulet 65.68 FCFS + 241.42 FCFS1 64 .74 FISFS + 152.29 SIO
+ 61.17 DSLACK + 135.87 DSLACK
+ 60.68 SSLACK + 130.90 SSLACK
+ 40 .80 SIO + 121.30 FISFS
D un can ' sa 
Tes t
Mean0
Values
S c h e d u l in g
Rule
Duncan's®
T e s t
Mean0
Values
S c h e d u l in g
Rule
Duncan's®
T e s t
Mean0
Values
Schedu l ing
Rule
+ 53 .76 FCFS + 14.24 FCFS + 15.42 FCFS
+ 51 .96 FISFS
t
12 .44 FISFS + 14.29 FISFS
49 .15 DSLACK i 9,63 DSLACK 1 0 . 2 1 DSLACK
48 .63 SSLACK + 9.12 SSLACK 1 0 . 1 0 SSLACK
+ 32.86 SIO + - 6 .6 4 SIO + 7.23 SIO
F ig u r e  7.  Duncan 's  New M u l t i p l e  Range T e s t  o f  Transformed S c h e d u l in g  Rule  Main E f f e c t  Means. 
Means c o n n ec ted  w i th  a s i n g l e  l i n e  a r e  n o t  s t a t i s t i c a l l y  d i f f e r e n t  a t  the  .05 l e v e l .  
^Mean v a l u e s  p r e s e n t e d  i n  o r i g i n a l  s c a l e  and d e c r e a s i n g  r a n k  o r d e r .
_______Std.  Dev. Flow Time________   Std. Dev. Lateness_________   Std. Dev. Tardiness________
Duncan's3 Meanb Scheduling  Duncan's3 Meanb Scheduling Duncan’ s 3 Meanb Scheduling
Test  Values Rule Test Values Rule Test  Values Rule
+ 31 .50 SIO
-- 29 .40 FCFS
-- 29.37 SSLACK
+ 28.12 DSLACK
+ 17.13 FISFS
+ 30.97 SIO
18.14 FCFS
+ 16.52 FISFS
+ 10.77 SSLACK
+ 9.62 DSLACK
+ 19.35 SIO
+ 14.72 FCFS
+ 12.69 FISFS
+ 7.89 SSLACK
+ 6.96 DSLACK
Figure 7.  (Continued)
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no s t a t i s t i c a l  d i f f e r e n c e  b e tw een  them. The SIO r u l e  r e s u l t s  I n  t h e  
l o w e s t  v a l u e  and I s  s t a t i s t i c a l l y  d i f f e r e n t  from a l l  o t h e r  r u l e s .  For  
t h e  I n v e n t o r y  by c o n t e n t  m easu re  a l l  mean v a l u e s  a r e  s t a t i s t i c a l l y  
d i f f e r e n t .  R e l a t i v e  p e r f o r m a n c e  o f  e a c h  r u l e  i s  t h e  same as  f o r  I n v e n ­
t o r y  by c o u n t  e x c e p t  t h a t  t h e  r a n k s  o f  t h e  SIO and FISFS a r e  I n t e r c h a n g e d .
R e l a t i v e  p e r f o r m a n c e  o f  e ac h  r u l e  i s  t h e  same f o r  th e  mean 
v a l u e s  o f  f low  t im e  l a t e n e s s  and  t a r d i n e s s .  R u le s  f o c u s i n g  on jo b  
a r r i v a l  o r d e r  p ro d u c e  t h e  l a r g e s t  v a l u e s  f o l l o w e d  by t h e  two s l a c k  r u l e s .  
The s m a l l e s t  f i g u r e s  r e s u l t  when t h e  SIO r u l e  i s  em ployed .  Fo r  t h e  
s t a n d a r d  d e v i a t i o n  o f  f low  t i m e ,  l a t e n e s s ,  and t a r d i n e s s  t h e  p e r fo r m a n c e  
o f  t h e  SIO r u l e  d e t e r i o r a t e s  r e s u l t i n g  i n  t h e  l a r g e s t  v a l u e s  f o r  t h e s e  
m e a s u r e s  f o l l o w e d  by  t h e  FCFS r u l e .  The two s l a c k  r u l e s  p ro d u c e  th e  
s m a l l e s t  v a l u e s  f o r  t h e  s t a n d a r d  d e v i a t i o n  o f  l a t e n e s s ,  and t a r d i n e s s  
w h i l e  t h e  FISFS I s  s u p e r i o r  f o r  t h e  s t a n d a r d  d e v i a t i o n  o f  f low  t i m e .
A l l  r u l e s  y i e l d  s t a t i s t i c a l l y  d i f f e r e n t  r e s u l t s  e x c e p t  t h e  FCFS and 
SSUCK r u l e s  f o r  the  s t a n d a r d  d e v i a t i o n  o f  f low  t i m e .
I n t e r a r r i v a l  t im e  d i s t r i b u t i o n
R e l a t i v e  p e r f o r m a n c e  f o r  e ach  i n t e r a r r i v a l  t ime d i s t r i b u t i o n  I s  
th e  same a c r o s s  a l l  p e r fo r m a n c e  m e a s u r e s .  These  r e s u l t s  a r e  c o n t a i n e d  
In  f i g u r e  8 . The u n i f o r m ,  E r l a n g  and e x p o n e n t i a l  i n t e r a r r i v a l  d i s ­
t r i b u t i o n s  a r e  r a n k e d  o n e ,  two and t h r e e ,  r e s p e c t i v e l y .  Mean v a l u e s  
f o r  e ach  d i s t r i b u t i o n  a r e  s t a t i s t i c a l l y  d i f f e r e n t  a c r o s s  a l l  p e r fo r m a n c e  
m e asu re s  w i t h  one e x c e p t i o n .  R e s u l t s  f o r  t h e  u n i f o r m  and E r l a n g  d i s t r i ­
b u t i o n s  a r e  n o t  d i f f e r e n t  f o r  m achine  u t i l i z a t i o n .
S e r v i c e  ti^ne d i s t r i b u t i o n
As shown i n  f i g u r e  9, r e s u l t s  f o r  th e  s e r v i c e  t im e  d i s t r i b u t i o n
Machine U t i l i z a t i o n  Inventory by Count Inventory by Content
Duncan ' sa 
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Meanb
V alues
I n t e r a r r i v a l
D i s t r i b u t i o n
Duncan’ s a 
T e s t
Meanb
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I n t e r a r r i v a l
D i s t r i b u t i o n
D uncan 's 3
T e s t
Meanb
Values
I n t e r a r r i v a l
D i s t r i b u t i o n
90.61 Uniform + 60.70 Uniform + 156.08 Uniform
-- 90 .40 E r l a n g + 58.95 E r l a n g + 152.91 E r la n g
+ 89.37 E x p o n e n t i a l + 55.07 E x p o n e n t i a l + 145.15 Ex p o n e n t ia l
Duncan1s a 
Tes t
Meanb
Values
I n t e r a r r i v a l
D i s t r i b u t i o n
D u n can ' s 3
T e s t
Meanb
Values
I n t e r a r r i v a l
D i s t r i b u t i o n
Duncan ' s a 
T e s t
Mean^
Values
I n t e r a r r i v a l
D i s t r i b u t i o n
+ 4 9 .58 Uniform + 9.96 Uniform + 13.04 Uniform
+ 47 .36 E r l a n g + 7.84 E r lan g + 11.30 E r la n g
+ 4 4 .94 E x p o n e n t i a l + 5 .47 E x p o n e n t i a l + 9 .6 0 E x p o n e n t i a l
F ig u r e  8 . Duncan' s new m u l t i p l e  ran g e  t e s t  o f t r a n s fo rm e d  i n t e r a r r i v a l d i s t r i b u t i o n main e f f e c t  means.
C leans  c o n n ec te d  w i th  a s i n g l e  l i n e  a r e  n o t  s t a t i s t i c a l l y  d i f f e r e n t  a t  the  .05 l e v e l .
^Mean v a l u e s  p r e s e n t e d  in  o r i g i n a l  s c a l e  and d e c r e a s i n g  ran k  o r d e r .
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F ig u r e  9 .  Duncan 's  new m i l t i p l e  ran g e  t e s t  o f  t r a n fo rm ed  s e r v i c e  t ime d i s t r i b u t i o n  main e f f e c t  means. 
aMeans co n n ec ted  w i th  a s i n g l e  l i n e  a r e  n o t  s t a t i s t i c a l l y  d i f f e r e n t  a t  the  .05 l e v e l .  
bMean v a l u e s  p r e s e n t e d  in  o r i g i n a l  s c a l e  and d e c r e a s i n g  ran k  o r d e r .
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are  s i m i l a r  for  s e v e r a l  performance m easures .  With the e x c e p t i o n s  o f  
machine u t i l i z a t i o n  and the  s tandard d e v i a t i o n  o f  t a r d i n e s s  the  l a r g e s t  
v a l u e s  occur  when s e r v i c e  t im es  are  e x p o n e n t i a l l y  d i s t r i b u t e d .  S i m i l a r l y ,  
for  a l l  measures  e x c e p t  machine u t i l i z a t i o n  and mean flow time the  
s m a l l e s t  v a l u e s  r e s u l t  from Erlang  d i s t r i b u t e d  s e r v i c e  t i m e s .  A l l  
r e s u l t s  are s t a t i s t i c a l l y  d i f f e r e n t  e x c e p t  f o r  the  v a l u e s  o f  the  
machine u t i l i z a t i o n ,  f lo w  t im e ,  l a t e n e s s  and t a r d i n e s s  m easures .
Time between breakdown d i s t r i b u t i o n
The r e s u l t s  o f  the Duncan t e s t  a p p l i e d  to  the time between break ­
down d i s t r i b u t i o n  main e f f e c t  are p r e se n t e d  in  f ig u re  10,  Two p a ir s  
o f  mean v a l u e s  are s t a t i s t i c a l l y  d i f f e r e n t  f o r  the  machine u t i l i z a t i o n  
measure.  The c o n d i t i o n  o f  no machine f a i l u r e s ,  which i s  s t a t i s t i c a l l y  
d i f f e r e n t  from both the Erlang  and h y p e r - e x p o n e n t i a l  d i s t r i b u t i o n s ,  
y i e l d s  the h i g h e s t  l e v e l  o f  machine u t i l i z a t i o n .
R e s u l t s  are c o n s i s t e n t  for  the rem ain ing  m easures .  For both  
in v en to ry  m easures ,  the mean and s tandard d e v i a t i o n  o f  f low t im e ,  
l a t e n e s s ,  and t a r d i n e s s  o n ly  the two l a r g e s t  v a l u e s  o f  each measure are  
not s t a t i s t i c a l l y  d i f f e r e n t .  L arges t  v a l u e s  occur  when machine f a i l u r e s  
f o l l o w  the e x p o n e n t i a l  or h y p e r - e x p o n e n t i a l  d i s t r i b u t i o n .  Erlang  
d i s t r i b u t e d  t im es  between f a i l u r e s  and the c o n d i t i o n  o f  no machine 
breakdowns are  ranked t h i r d  and fou rth  r e s p e c t i v e l y  a c r o s s  a l l  measures  
e x ce p t  machine u t i l i z a t i o n .
Breakdowns and I n d i v i d u a l  S ch ed u l in g  Rules  
In order t o  s tud y  in  d e t a i l  the impact o f  breakdowns on each  
sch e d u l in g  r u l e ,  mean v a l u e s  f o r  each performance measure were c a l c u l a t e d
Duncan's Mean Breakdown Duncan's3 Mean0 Breakdown Duncan's® Mean0 Breakdown
Test  Values D i s t r i b u t i o n  Test  Values  D i s t r i b u t i o n  Test  Values D i s t r ib u t io n
t 90.39 None T 60.35 E x p o n e n t i a l T 155.39 E x p o n e n t i a l
1 1 90.12 Exponent i a 1 1 59.95 Hyper-expon. 1 155.23 Hyper-expon
+ 90.04 E r l a n g + 57 .58 E r l a n g + 149.82 E r la n g
-- + 69 .96 Hyper-expon. + 55 .06 None + 145.05 None
________Mean Flow Time_____________  Mean L a te n e s s ______________   Mean T a r d in e s s ______________
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T e s t  V a lues  D i s t r i b u t i o n  T e s t  Values  D i s t r i b u t i o n  T e s t  Va lues  D i s t r i b u t i o n
+ 4 9 .38 E x p o n e n t i a l 9 .8 6 E x p o n e n t i a 1 + 12.97 E x p o n e n t i a l
-- 4 8 .85 Hyper-expon. -- 9 .34 Hyper-expon. -■ 12.57 Hyper-expon
+ 47 .27 E r l a n g + 7.75 E r l a n g + 1 1 . 2 1 E r l a n g
+ 4 3 .59 None + 4 .0 8 None + 8 .59 None
F ig u r e  10, Duncan 's  new m u l t i p l e  ran g e  t e s t  o f  t ime between breakdown d i s t r i b u t i o n  main e f f e c t  means,  
aMeans co n n ec ted  w i t h  a s t r a i g h t  l i n e  a r e  n o t  s t a t i s t i c a l l y  d i f f e r e n t  a t  th e  .05 l e v e l ,
^Mean v a l u e s  p r e s e n t e d  in  o r i g i n a l  s c a l e  and d e c r e a s i n g  ran k  o r d e r .
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f o r  each  s c h e d u l i n g  r u l e  a s  a f u n c t i o n  o f  t h e  breakdown d i s t r i b u t i o n .  
D u n c an ' s  p r o c e d u r e  was employed t o  d e t e r m i n e  s t a t i s t i c a l  d i f f e r e n c e s  
be tween  th e  mean v a l u e s .  R e s u l t s  o f  th e  t e s t s  f o r  i n d i v i d u a l  s c h e d u l ­
ing  r u l e s  a r e  p r e s e n t e d  i n  a p p e n d i x  N.
The r a n k i n g s  o f  t h e  breakdown d i s t r i b u t i o n s  a r e  c o n s i s t e n t  f o r  
a l l  r u l e s  and p e r f o r m a n c e  m e a s u r e s .  The l a r g e s t  v a l u e s  f o r  a l l  measures* 
exce  P t  machine  u t i l i z a t i o n ,  o c c u r  when m ach ine  f a i l u r e s  f o l l o w  th e  
e x p o n e n t i a l  o r  h y p e r - e x p o n e n t i a l  d i s t r i b u t i o n *  w i t h  no d i f f e r e n c e  
d e t e c t e d  b e tw een  th e  two d i s t r i b u t i o n s .  I n  a s i m i l a r  m anner ,  th e  lo w e s t  
f i g u r e s  r e s u l t  when t h e r e  a r e  no machine  f a i l u r e s .
R e s u l t s  f o r  a l l  s c h e d u l i n g  r u l e s  a r e  s i m i l a r .  No s i g n i f i c a n t
d i f f e r e n c e  b e tw een  means was d e t e c t e d  f o r  machine  u t i l i z a t i o n  a c r o s s  
a l l  s c h e d u l i n g  r u l e s .  For  t h e  s t a n d a r d  d e v i a t i o n  o f  l a t e n e s s ,  o n ly  th e  
DSLACK and SSLACK r u l e s  i n d i c a t e d  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  
be tween  mean v a l u e s .
With  t h e  e x c e p t i o n  o f  the  FCFS r u l e  no s i g n i f i c a n t  d i f f e r e n c e  
be tween  th e  e x p o n e n t i a l ,  h y p e r - e x p o n e n t i a l ,  and E r l a n g  means was d e t e c t e d  
f o r  t h e  s t a n d a r d  d e v i a t i o n  o f  f low t i m e .  When th e  SIO r u l e  i s  c o n ­
s i d e r e d ,  no s t a t i s t i c a l  d i f f e r e n c e  b e tw een  r e s u l t s  f o r  t h e  e x p o n e n t i a l ,
h y p e r - e x p o n e n t i a l  and E r l a n g  d i s t r i b u t i o n s  was i n d i c a t e d  f o r  a l l  p e r ­
fo rmance  m e asu re s  e x c e p t  the  s t a n d a r d  d e v i a t i o n  of t a r d i n e s s .  The most  
c o n s i s t e n t  d i f f e r e n c e  f o r  a l l  s c h e d u l i n g  r u l e s  o c c u r s  when the  c o n d i t i o n  
o f  no machine  f a i l u r e s  i s  p a i r e d  w i t h  th e  o t h e r  breakdown d i s t r i b u t i o n s .
C o n c l u s i o n s
These c o n c l u s i o n s  a r e  b a sed  s o l e l y  on t h e  model employed i n  t h i s  
r e s e a r c h  and the  a s s u m p t i o n s  u n d e r  which i t  o p e r a t e d .
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P r im a r y  c o n c l u s i o n s  a r e ;
1 .  A l l  main  e f f e c t s  a r e  s i g n i f i c a n t  f o r  a l l  p e r f o r m a n c e  m e a s u r e s .
2 .  S i g n i f i c a n t  two f a c t o r  i n t e r a c t i o n s  a r e :
a .  S c h e d u l i n g  r u l e  and i n t e r a r r i v a l  t im e  d i s t r i b u t i o n  f o r  t h e  s t a n d ­
a r d  d e v i a t i o n  o f  f low t im e  and l a t e n e s s  p e r f o r m a n c e  m e a s u r e s .
b .  S c h e d u l in g  r u l e  and s e r v i c e  t im e  d i s t r i b u t i o n  f o r  a l l  p e r fo r m a n c e  
m e asu re s  e x c e p t  m ach ine  u t i l i z a t i o n .
c .  S c h e d u l i n g  r u l e  and t im e  be tw een  b reakdow n d i s t r i b u t i o n  f o r  th e  
s t a n d a r d  d e v i a t i o n  o f  f low  t i m e ,  and l a t e n e s s ,  and mean t a r d i ­
n e s s  .
d .  I n t e r a r r l v a l  and s e r v i c e  t im e  d i s t r i b u t i o n s  f o r  t h e  s t a n d a r d  
d e v i a t i o n  o f  f low  t i m e ,  l a t e n e s s ,  and t a r d i n e s s .
e .  S e r v i c e  t ime and t im e  b e tw een  breakdown d i s t r i b u t i o n s  f o r  t h e  
i n v e n t o r y  by c o n t e n t  m e a s u r e .
3 .  No t h r e e  o r  f o u r  f a c t o r  i n t e r a c t i o n s  a r e  s i g n i f i c a n t .
The c o n d i t i o n  o f  no  machine  f a i l u r e s  a p p e a r s  t o  be  t h e  c a s u a l  l e v e l
o f  t h e  breakdown f a c t o r  i n  t h e  s c h e d u l i n g  r u l e  and t im e  b e tw ee n  
breakdown d i s t r i b u t i o n  i n t e r a c t i o n .  F o r  t h e  s t a n d a r d  d e v i a t i o n  o f  
f low  t im e  and l a t e n e s s ,  t h e  FCFS and FISFS r u l e s  a r e  i n d i c a t e d  a s
t h e  key  l e v e l  o f  t h e  s c h e d u l i n g  r u l e  f a c t o r ,
5 .  The c o m b i n a t i o n  o f  SIO s c h e d u l i n g  r u l e  and e x p o n e n t i a l  s e r v i c e  t im e s  
i s  t h e  s o u r c e  o f  the  s c h e d u l i n g  r u l e  and s e r v i c e  t im e  d i s t r i b u t i o n  
i n t e r a c t i o n .  S i g n i f i c a n t  improvement  i n  t h e  p e r f o r m a n c e  m e a s u r e s  
r e s u l t  from t h i s  c o m b i n a t i o n .  S i n c e  much r e s e a r c h  on s c h e d u l i n g  
r u l e s  employed e x p o n e n t i a l  s e r v i c e  t i m e s ,  t h e  power o f  t h e  SIO r u l e  
may be o v e r e m p h a s i z e d .
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6 . P e r f o r m a n c e  o f  e ach  r u l e  u n d e r  t h e  c o n d i t i o n  o f  no  machine  f a i l u r e s  
i s  c o n s i s t e n t l y  d i f f e r e n t  from c o n d i t i o n s  o f  machine  b re a k d o w n s .
The g e n e r a l  c o n c l u s i o n  o f  t h i s  r e s e a r c h  i s  t h a t  m ach ine  f a i l u r e s  
a f f e c t  s c h e d u l i n g  r u l e  p e r f o r m a n c e  f o r  s e v e r a l  p e r f o r m a n c e  m e a s u r e s .
T h i s  i s  i n d i c a t e d  by t h e  s i g n i f i c a n t  s c h e d u l i n g  r u l e - - t i m e  b e tw een  b r e a k ­
down d i s t r i b u t i o n  i n t e r a c t i o n s .  F u r t h e r ,  t h e  s t u d y  o f  i n d i v i d u a l  s c h e d u l ­
in g  r u l e s  s u g g e s t s  t h a t  t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  p e r fo r m a n c e  when 
o p e r a t i n g  w i t h  e x p o n e n t i a l  o r  h y p e r - e x p o n e n t i a l  t im e s  be tw een  b reak d o w n s .
Recoasnenda t  io n s
Based on t h e  a n a l y s i s  o f  r e s e a r c h  r e s u l t s ,  m achine  f a i l u r e s  a p p e a r  
t o  a f f e c t  th e  p e r fo rm a n c e  o f  some s c h e d u l i n g  r u l e s  f o r  s e v e r a l  p e r fo rm an c e  
m e a s u r e s .  However,  d e f i n i t e  c o n c l u s i o n s  a b o u t  t h lB  e f f e c t  c o u l d  n o t  be 
r e a c h e d .  I n  e s s e n c e ,  t h i s  r e s e a r c h  i s  e x p l o r a t o r y .  C l e a r l y ,  a d d i t i o n a l  
r e s e a r c h  must be c o n d u c t e d  t o  I s o l a t e  key  f a c t o r s  and g e n e r a l i z e  t h e  
r e s u l t s .
Thus ,  one s u g g e s t i o n  f o r  f u r t h e r  r e s e a r c h  t o  d e t e r m i n e  t h e  Impact 
o f  machine  f a i l u r e s  i s  t o  f o c u s  on i n d i v i d u a l  s c h e d u l i n g  r u l e s  o p e r a t i n g  
u n d e r  a wide  ra n g e  of  breakdown d i s t r i b u t i o n s .  A s econd  s u g g e s t i o n  i s  t o  
employ a w i d e r  r a n g e  o f  p a r a m e t e r s  f o r  s p e c i f i c  d i s t r i b u t i o n s .
S in c e  the  u se  o f  a s i n g l e  breakdown d i s t r i b u t i o n  t o  r e p r e s e n t  
f a i l u r e  p a t t e r n s  o f  a l l  m a ch in es  i n  th e  shop i s  somewhat u n r e a l i s t i c ,  
i t  I s  r e a s o n a b l e  t o  expand t h i s  r e s e a r c h  by r e l a x i n g  t h i s  a s s u m p t i o n .  
D i f f e r e n t  d i s t r i b u t i o n s  c o u l d  be employed t o  r e p r e s e n t  f a i l u r e  p a t t e r n s  
f o r  s p e c i f i c  m ach in e s  o r  m ach ine  c e n t e r s .  A l t e r n a t e l y ,  t h e  mean and 
v a r i a n c e  p a r a m e t e r s  o f  f a i l u r e  d i s t r i b u t i o n s  c o u l d  be v a r i e d  f o r  m ach ines  
i n  th e  shop .
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A n o th e r  way o f  b r o a d e n i n g  t h e  r e s e a r c h  i s  by u s i n g  l n t e r a r r i v a l  
and  s e r v i c e  t im e  d i s t r i b u t i o n s  d i f f e r e n t  from t h o s e  employed  In  t h i s  
r e s e a r c h .  O th e r  s e r v i c e  t im e  d i s t r i b u t i o n s  c o u ld  be a p p l i e d  t o  t h e  
shop a s  a whole  o r  t o  i n d i v i d u a l  m a c h i n e s .  A d d i t i o n a l l y ,  t h e  means o f  
t h e s e  d i s t r i b u t i o n s  c o u ld  be a l t e r e d  t o  c r e a t e  " b o t t l e n e c k "  c o n d i t i o n s  
o r  t o  v a r y  t h e  l e v e l  o f  m ach ine  u t i l i z a t i o n .
To e x t e n d  t h e  a p p l i c a t i o n  o f  t h e  r e s e a r c h  r e s u l t s  shop s i z e  and 
ty p e  s h o u ld  be v a r i e d .  The shop  c o n f i g u r a t i o n  c o u ld  be changed i n  s t e p s  
from th e  p u r e  job  shop  employed in  t h i s  r e s e a r c h ,  t o  h y b r i d  f low p a t ­
t e r n s  moving to w a rd s  a p u r e  f low sh o p .  In  a d d i t i o n ,  s m a l l  shops  co n ­
t a i n i n g  two o r  t h r e e  m ach in es  as  w e l l  a s  shops  w i t h  m u l t i p l e  machine  
c e n t e r s  Bhould be s t u d i e d .
APPENDIX A
CHARACTERISTICS OF TIE EXPONENTIAL, ERLANG, 
AND HYPER-EXPONENTIAL DISTRIBUTIONS
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C h a r a c t e r i s t i c s  d e s c r i b i n g  t h e  r e l a t i o n s h i p s  o f  the  e x p o n e n t i a l ,  
E r l a n g ,  and h y p e r - e x p o n e n t i a l  d i s t r i b u t i o n s  a r e  p r e s e n t e d  in  t h i s  
a p p e n d i x . ^  The v a r i a b i l i t y  o f  a d i s t r i b u t i o n  can be m easured  by i t s  
c o e f f i c i e n t  of  v a r i a t i o n ,  which i s  d e f i n e d  a s ;
q = s t a n d a r d  d e v i a t i o n  
v mean v a l u e
When the  c o e f f i c i e n t  of  v a r i a t i o n  i s  z e r o ,  th e  d a t a  have  a c o n s t a n t  
v a l u e .  As t h e  v a r i a b i l i t y  of  a d i s t r i b u t i o n  i n c r e a s e s ,  t h e  c o e f f i c i e n t  
o f  v a r i a t i o n  becomes l a r g e r  t h a n  z e r o .
The e x p o n e n t i a l  d i s t r i b u t i o n ' s  s t a n d a r d  d e v i a t i o n  e q u a l s  i t s  
mean v a l u e  y i e l d i n g  a c o e f f i c i e n t  o f  o n e .  I n  te rm s  o f  i n t e r a r r i v a l  
t im e s  t h i s  may be c h a r a c t e r i z e d  a s  a c a s e  where a p p r o x i m a t e l y  t h e  same 
number o f  s h o r t ,  a v e r a g e ,  and long  i n t e r v a l s  o c c u r .  E r l a n g  and  h y p e r ­
e x p o n e n t i a l  d i s t r i b u t i o n s  r e p r e s e n t  c a s e s  where  t h e  c o e f f i c i e n t s  of 
v a r i a t i o n  a r e  l e s s  t h a n  one and g r e a t e r  t h a n  one ,  r e s p e c t i v e l y .
The s t a n d a r d  d e v i a t i o n  of  an E r l a n g  d i s t r i b u t i o n  i s  d e f i n e d  a s :
T a /k ^
where  Ta i s  t h e  mean o f  th e  d i s t r i b u t i o n  and k i s  a p o s i t i v e  i n t e g e r  
g r e a t e r  t h a n  z e r o .  S u b s t i t u t i n g  i n t o  t h e  c o e f f i c i e n t  o f  v a r i a t i o n  
e q u a t i o n  y i e l d s
C -  ( T a / k ^ ) / T a  -  l / k ^ .  v
*Thi* a p p e n d ix  i s  b a s e d  on m a t e r i a l  c o n t a i n e d  i n  G e o f f r e y  Gordon, 
Sys tem S i m u l a t i o n . (Englewood C l i f f s ,  N. J . :  P r e n t i c e - H a l 1,  I n c . ,
1 9 6 9 ) ,  p p .  110-113 .
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When k e q u a l s  o n e ,  t h e  c o e f f i c i e n t  h a s  a maximum v a l u e  o f  one 
and th e  d i s t r i b u t i o n  becomes t h e  e x p o n e n t i a l  d i s t r i b u t i o n .  As t h e  v a l u e  
o f  k i n c r e a s e s  t h e  v a r i a b i l i t y  o f  t h e  d i s t r i b u t i o n  d e c r e a s e s .  Aga in ,  
r e f e r r i n g  t o  i n t e r a r r i v a l  t i m e s ,  f o r  th e  E r l a n g  d i s t r i b u t i o n ,  t h e r e  
a r e  more o c c u r r e n c e s  of  a v e r a g e  t im e s  th a n  e i t h e r  s h o r t  o r  long  t i m e s .
For  a h y p e r - e x p o n e n t i a l  d i s t r i b u t i o n ,  t h e  v a r i a n c e  i s  d e f i n e d
a s :
2k -  Ta
where
k -  (1 -2 S  + 2S2 ) / 2 S ( 1 - S )
and S i s  a r e a l  number g r e a t e r  t h a n  z e r o  and l e s s  t h a n  o r  e q u a l  t o  on e -  
h a l f ,  S u b s t i t u t i n g  i n t o  t h e  e q u a t i o n  f o r  th e  c o e f f i c i e n t  o f  v a r i a t i o n  
and r e d u c i n g  y i e l d s
v
When S e q u a l s  o n e - h a l f ,  k h a s  th e  v a l u e  o f  o n e ,  and t h e  c o e f ­
f i c i e n t  h a s  a minimum v a l u e  o f  o n e .  I n  t h i s  c a s e ,  t h e  d i s t r i b u t i o n  
becomes an e x p o n e n t i a l  d i s t r i b u t i o n .  As t h e  v a l u e  of  S d e c r e a s e s ,  k 
i n c r e a s e s  w i t h  a r e s u l t i n g  i n c r e a s e  i n  the  v a r i a b i l i t y  o f  t h e  d i s t r i b u ­
t i o n .  Thus in  te rms  of  i n t e r a r r i v a l  t i m e s ,  t h e  h y p e r - e x p o n e n t i a l  
d i s t r i b u t i o n  r e p r e s e n t s  a c a s e  o f  i n c r e a s e d  o c c u r r e n c e s  o f  s h o r t  and 
lo n g  i n t e r v a l s .
I n  summary, the  e x p o n e n t i a l  d i s t r i b u t i o n  may be c h a r a c t e r i z e d  
as  r e p r e s e n t a t i v e  o f  a " p u r e l y "  random p r o c e s s  w h e re ,  f o r  exam ple ,  
a p p e a r a n c e s  o f  s h o r t ,  a v e r a g e ,  and lo n g  i n t e r a r r i v a l  t im e s  a r e
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a p p r o x i m a t e l y  e q u a l ,  a " l e s s ' '  random p r o c e s s  can be c h a r a c t e r i z e d  by 
an  E r l a n g  d i s t r i b u t i o n  which  y i e l d s  a g r e a t e r  number o f  a v e r a g e  v a l u e s .  
C o n v e r s e l y ,  t h e  h y p e r - e x p o n e n t i a 1 d i s t r i b u t i o n  may be r e v ie w ed  as  r e p r e ­
s e n t i n g  a "more" random p r o c e s s  i n  which few er  a v e r a g e  v a l u e s  a p p e a r .
APPENDIX B 
FLOW CHARTS OF SUBROUTINES
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Figure 12 . Flow ch art of subroutine FISFS.
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Figure 13. Flow chart o f  subroutine FCFS.
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Figure 14 . Flow ch art o f  sub rou tin e SIO.
S t a r t
(MQL)
Yes
No
One J o o '  
I n  Queue?,
ABCD -  99999
QUEUE (1 )  
QUEUE (2 )
S e a rc h  Queue For 
Minimum Dynamic S l a c k
No SAVE -  MQL?
No
No
Yes
R e t u r n
(MQL)
DYNAMIC 
SLACK (ISUB) 
V <  ABCD? /
KSAVE
KSAVE + 1
ISUB * 
QUEUE (K)
QUEUE ( L - l )  
QUEUE (L)
QUEUE (1)  
QUEUE (K)
QUEUE (MQL)
MQL -  MQL -  1
ABC ADYNAMIC 
SLACK (ISUB)
Figure 15. Flow ch art o f sub rou tin e DSLACK.
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Figure 16. Flow chart o f subroutine SSLACK.
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Figure 17. Flow ch art o f  sub rou tin e DUEDTE.
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Figure 18. Flow Chart o f su b rou tin e ROU1E.
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Figure 19. Flow ch art o f sub rou tin e UPDATE.
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Figure 22. Flow ch art o f su b rou tin e EXPON.
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Figure 24. Flow ch art o f subroutine ERLNG.
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F ig u re  27* Flow c h a r t  o f  s u b r o u t in e  REPAIR.
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TABLE 14
TRANSITION PROBABILITIES FOR SUBROUTINE ROUTE
To S t a t e 3
From 0 I 2 3 4 5 b 7 8 9 1 0 11
S t a t e 0 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 0
S t a t e 1 0 . 0 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1
S t a t e 2 0 . 0 0 . 1 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1
S t a t e 3 0 . 0 0 . 1 0 . 1 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1
S t a t e 4 0 . 0 0 . 1 0 . 1 0 . 1 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1
S t a t e 5 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1 0 . 0 0 . 1 0 . 1 0 . 1 0.1 0 . 1 0 . 1
Sta  t e 6 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1
S t a t e 7 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1
S t a t e 8 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 0 0. 1 0 . 1 0 . 1
S t a t e 9 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 0 0 . 1 0 . 1
S t a t e 1 0 0 . 0 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 1 0 . 0 0 . 1
S t a t e 1 1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 0 . 0 1 . 0
N ote:
Job r o u t e s  a r e  t r u n c a t e d  a t  t e n  machine o p e r a t i o n s .
Q
To and From s t a t e s  a r e  d e f in e d  as  fo l l o w s :  0 r e p r e s e n t s  e n t r a n c e  t o  the  shop; 1-10 r e p r e s e n t
m achines  1 - 1 0 , r e s p e c t i v e l y ;  1 1  r e p r e s e n t s  e x i s t  from the  shop.
APPENDIX D
RESULTS OF SERIAL CORRELATION TESTS ON 
PILOT EXPERIMENTS
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TABLE 15
DURBIN-WATSON d STATISTIC FOR SERIAL CORRELATION 
TEST ON PILOT EXPERIMENTS
P e r f o rm a n ce
Measure
Data
Block
S iz e
I n t e r r u p t i o n  Block S iz e
0 3 5 1 0 2 0
1 0 0 . 6 8 * 0 .8 0 * 0 .8 9 * 0 .8 4 * 0 .9 4 *
Machine 30 0 .9 5 * 0 .9 0 * 1 . 0 0 * 1 .0 5 * 1 .69+
Ut i l i z a t  ion 50 1 .31* 1 .49** 1 .4 5 * * 1 . 2 2 * 1 . 6 6 +
1 0 0 1 .60+ 1 .45** 1 .53+ 1 .53+ 1.77+
I n v e n t o r y 1 0 0 .1 5 * 0 .0 9 * 0 . 1 2 * 0 .1 9 * 0 .4 3 *
by 30 0 .3 3 * 0 .3 2 * 0 .3 4 * 0 .3 8 * 0 .6 5 *
Count 50 0 .6 0 * 0 .6 3 * 0 .5 9 * 0 .6 1 * 0 .7 0 *
1 0 0 0 .9 1 * 0 .8 7 * 1 . 0 2 * 1 . 1 1 * 0 .8 0 *
I n v e n t o r y 1 0 0 .2 5 * 0 .1 8 * 0 .2 6 * 0 .3 2 * 0 .5 9 *
by 30 0 .4 7 * 0 .4 8 * 0 .5 3 * 0 .6 5 * 0 .7 9 *
C o n te n t 50 0 . 6 6 * 0 . 6 6 * 0 .5 8 * 0 .6 3 * 0 .6 0 *
1 0 0 0 .9 4 * 0 .8 9 * 1 . 0 2 * 1 . 0 1 * 0 .9 5 *
Mean 1 0 0 .7 2 * 0 .5 9 * 0 .5 3 * 1 .0 6 * 1 .3 2 *
Flow 30 1 .1 6 * 1 .1 7 * 1 .34* 1 .77+ 2 . 0 2 +
Time 50 1 .36* 1 .4 0 * 1 .5 4 + 1 .6 0 + 1.81+
1 0 0 1 .47** 1 .70+ 1 .87+ 1 .79+ 1 . 6 6 +
Mean 1 0 1 . 2 1 * 0 .4 9 * 0 .6 2 * 0 .7 3 * 1 .15*
La t e n e s s 30 1 .06* 1 . 2 1 * 1 .3 2 * 1 .4 2 * * 1 .64+
50 1 . 1 1 * 1 .3 4 * 1 . 1 2 * 1 .4 6 * * 1 .37*
1 0 0 1 .4 0 * 1 .63+ 1 .4 8 * * 1 .64+ 1 .32*
Mean 1 0 0 .8 5 * 0 .1 8 * 0 .5 6 * 0 .8 5 * 1 .24*
T a r d i n e s s 30 1 .4 1 * 1 .51+ 1.57 + 1 .85+ 2 .0 8 +
50 1 .3 4 * 1 .64+ 1 .59+ 1 .78+ 1 .7 1 +
1 0 0 1 .76+ 1 .98+ 1 .69+ 1 .87+ 1 .61+
N o t e s :
P i l o t e x p e r i m e n t  p e r f o r m e d  u n d e r  th e f o l l o w i n g c o n d i t i o n s : SIO
queue d i s c i p l i n e ,  i n t e r a r r i v a l  t im e  d i s t r i b u t i o n - - e x p o n e n t i a l  w i t h  mean 
o f  0 . 7 ,  p r o c e s s i n g  t im e  d i s t r i b u t i o n - - e x p o n e n t i a l  w i t h  mean o f  1 . 0 ,  
t im e  be tween  breakdown d i s t r i b u t i o n - - n o  machine  f a i l u r e s .
+N u l l  h y p o t h e s i s  o f  no s e r i a l  c o r r e l a t i o n  a c c e p t e d  a t  t h e  ,05
l e v e l .
1r
N u l l  h y p o t h e s i s  of  no s e r i a l  c o r r e l a t i o n  r e j e c t e d  a t  t h e  .05
l e v e l .
T e s t  n o t  c o n c l u s i v e  a t  t h e  .05  l e v e l .
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TABLE 15 (C ontinued)
Data
P e r f o rm a n c e  Block  I n t e r r u p t i o n  B lock  S i z e
Measure S iz e 25 30 35 40 50
1 0 1 .3 3 * 1 .25* 1 . 2 2 * 2 .2 6 + 1 .7 8 +
Machlne 30 1 .4 0 * 1 .53+ 1 .91+ 1 .84+ 1 .43**
U t i l i z a t i o n 50 1 .39* 1 .48** 1 ,62+ 1 . 6 6 + 1 .7 7 +
1 0 0 1 .85+ 1 .44** 1 .9 8 + 1 .6 1 + 2 . 0 1 +
I n v e n t o r y 1 0 0 .4 2 * 0 .4 2 * 0 . 5 9 * 0 .6 9 * 0 .9 6 *
by 30 0 .5 6 * 0 .7 7 * 0 .8 4 * 0 . 71* 0 .7 4 *
Count 50 0 .8 3 * 0 . 7 2 * 0 .7 7 * 0 . 8 7 * 1 .1 4 *
1 0 0 0 . 8 6 * 0 .6 2 * 0 .9 0 * 0 .8 5 * 1 . 0 1 *
I n v e n t o r y 1 0 0 .6 3 * 0 67* 0 . 7 8 * 0 .6 9 * 0 .9 9 *
by 30 0 .7 3 * 0 . 8 6 * 0 .8 5 * 0 .7 1 * 0 .7 1 *
C o n te n t 50 0 . 6 8 * 0 . 6 6 * 0 .6 5 * 0 .7 7 * 1 . 1 2 *
1 0 0 1 .2 3 * 0 .9 8 * 1 .17* 1 . 2 1 * 1 .2 3 *
Mean 1 0 1 .84+ 1.60+ 1 .61+ 1 .52+ 1 .77+
Flow 30 1 .8 3 + 1 .62+ 1 .36* 1 .8 0 b 1 .81+
Time 50 2 .0 8 + 1.82+ 1 .92+ 1 .74+ 1 .89+
1 0 0 1 .98+ 1 .90b 1 .23* 1.71+ 1 .69+
Mean 1 0 1 .62  + 1 .23* 1 .72+ 1 . 6 6 + 1 .82+
L a t e n e s s 30 1 .32* 1 .3 1 * 1 .09* 1 .6 0 + 1 .4 3 * *
50 1 .65+ 1.54+ 1 .69+ 1 .52+ 1 .6 7 +
1 0 0 1 .75+ 1 .58+ 1 .18* 1 .5 6 + 1 .69+
Mean 1 0 1 .8 7 + 1 .4 0 * 1 .6 9 + 1 .78+ 1 .87+
T a r d i n e s s 30 1 .69+ 1 .4 4 * * 1 .30* 1 .99+ 1 .77+
50 2 .0 6 + 1 .82+ 2 .0 3 + 1 .69+ 1 .97+
1 0 0 2 . 0 2 + 2 .03+ 1 .32* 1 .91+ 1 . 8 6 +
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XABIE 15 ( C o n t i n u e d )
Data
P e r f o r m a n c e  B lock   I n t e r r u p t i o n  Block S iz e
Measure S iz e 60 70 80 90 1 0 0
1 0 1 .5 8 + 1 . 6 6 + 1 .7 8 + 1 .9 4 + 2 . 1 0 *
Machine 30 1 . 8 6 + 1 .6 1 + 1 .96+ 1 .96+ 1.83+
U t i l I z a  t l o n 50 2 .1 3 + 2 . 0 1 + 1 .67+ 1 .97+ 2 . 0 2 +
1 0 0 2 . 1 1 + 1 .96+ 1 .75+ 1 .38* 1 .34*
I n v e n t o r y 1 0 0 .7 4 * 0 . 6 8 * 1 .1 7 * 1 . 1 2 * 1.53+
by 30 1 .03* 1 .13* 1 .54+ 1 . 0 2 * 0 .9 2 *
Count 50 1 .45** 0 .9 6 * 0 .8 2 * 1 . 0 1 * 1 .06*
1 0 0 1 .1 4 * 1 . 1 1 * 0 .7 1 * 0 .6 4 * 0 .5 8 *
I n v e n t o r y 1 0 0 .7 7 * 0 .8 2 * 1 .1 4 * 1 .1 8 * 1 .48**
by 30 0 .9 7 * 1 .1 8 * 1 .38* 1 . 2 2 * 1 .3 7 *
C o n te n t 50 1 .3 1 * 1 .0 8 * 1 .31* 1 .4 1 * 1 .18*
1 0 0 1 .1 9 * 1 .0 8 * 1 .1 6 * 1 .0 9 * 1 .13*
Mean 1 0 1 .87+ 2 .2 7 + 1 .85+ 2 .3 3 + 2 .28+
Flow 30 1.81+ 2 .3 1 + 2 . 1 0 + 2 . 2 2 + 1 . 8 8 +
Time 50 1 .9 2 + 1 .5 7 + 2 .0 8 + 2 . 0 0 * 1.67+
1 0 0 1 .36* 1 .2 6 * 1 .4 1 * 1 .4 2 * * 1.75+
Mean 1 0 1 .82+ 2 .2 3 + 2 .1 7 + 2 . 2 1 + 1.72+
L a t e n e s s 30 1 .6 4 + 1 .99+ 2 .0 8 + 1 .9 4 + 1.82+
50 1 .57+ 1 .65+ 1 . 6 8 + 2 .0 8 + 1.54+
1 0 0 1 .34* 1 . 2 2 * 1 .3 1 * 1 .3 2 * 1.52+
Mean 1 0 1 .90+ 2 .3 0 * 2 .1 4 + 2 .2 6 + 2 .0 8 +
T a r d i n e s s 30 1 .99+ 2 .2 4 + 2 .2 6 + 2 .0 7 + 1.97+
50 1 .9 3 + 1 .59+ 2 . 1 1  + 2 .2 5 + 1 .49**
1 0 0 1 .32* 1 . 1 1 * 1 .38* 1 .37* 1 .58+
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TABLE 16
WALD-WOLFOWITZ SERIAL CORRELATION 
IE ST ON PILOT EXPERIMENTS
P e r f o r m a n c e
Measure
Data
Block
S i z e
I n t e r r u p t i o n  Block S i z e
0 3 5 1 0 2 0
1 0 - 6 .4 2 * - 8 .9 2 * - 1 1 . 2 7 * - 1 7 . 7 3 * - 2 3 . 4 5 *
Machine 30 - 3 3 . 0 3 * -2 7 .5 4 * - 2 8 . 1 4 * - 2 0 . 1 1 * - 2 8 . 3 3 *
Ut i l i z a t  io n 50 - 3 7 . 5 7 * - 4 0 . 7 7 * - 4 5 . 8 4 * - 4 9 . 8 1 * - 4 5 . 2 5 *
1 0 0 - 6 8 . 5 7 * - 7 7 . 0 4 * - 8 2 . 4 3 * -7 0 .3 6 * - 6 3 . 5 5 *
I n v e n t o r y 1 0 4 .3 6 * 5 .9 8 * 5 .9 4 * 5 .6 4 * 5 .0 0 *
by 30 5 . 2 3 * 5 .1 7 * 4 . 8 1 * 5 .3 6 * 3 .0 9 *
Count 50 3 .0 1 * 3 .2 2 * 2 .5 1 * 2 .9 7 * 1 .61+
1 0 0 1 .83+ 2 .4 7 * 0 .1 9 + 1 .14+ 0 . 6 CH
I n v e n t o r y 1 0 5 .0 3 * 5 .1 9 * 5 .2 4 * 4 . 9 4 * 4 . 1 6 *
by 30 4 . 3 5 * 4 .2 8 * 4 . 3 5 * 4 . 4 1 * 2 .-1Q*
C o n te n t 50 2 .5 1 * 2 .5 7 * 2 .3 1 * 2 . 7 7 * 2 .0 4 *
1 0 0 2 .5 2 * 2 .9 6 * 1 . 1 1 + 2 .5 6 * 0 .3 5 +
Mean 1 0 0 .8 1 + 2 .6 0 * 4 . 9 2 * 1 .34+ 1 . 8 8 +
Fl  ow 30 2 .3 3 * 1.83+ 0 .5 5 + 0 .4 2 + - 1 .1 4 +
Time 50 1 . 2 0 + 1 .65+ 1.05+ 0 .2 9 + - 1 .7 5 +
1 0 0 - 1 . 7 2 + - 1 . 0 2 + - 1 . 5 1 + - 1 . 5 8 + - 1 .8 4 +
Mean 1 0 1 .80+ 5 .0 5 * 4 .8 8 * 4 . 1 7 * 2 .9 4 *
L a t e n e s s 30 3 .0 1 * 2 .4 4 * 1 .96+ 1 .78+ 0 .6 7 +
50 2 .4 0 * 1 .03+ 1 .84+ 1 . 0 2 + 1.37+
1 0 0 1 . 2 0 + 0 .37+ 0 .3 7 + 0 .2 3 + 1 .45+
Mean 1 0 2 .4 3 * 5 .7 3 * 5 .3 9 * 2 .9 5 * 2 . 6 8 *
T a r d i n e s s 30 2 .1 9 * 1.81+ 1 .14+ 0 .5 5 + - 0 . 2 6 +
50 2 .4 8 * 1 .44+ 1 .69+ 0 .8 1 + 0 .4 0 +
1 0 0 0 .37+ - 0 . 0 6 + 1 .17+ 0 .2 8 + 1 .2 5 +
N o t e s ;
P i l o t  e x p e r i m e n t  p e r fo rm e d  u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :  SIO
queue d i s c i p l i n e ,  i n t e r a r r i v a l  t ime d i s t r i b u t i o n - - e x p o n e n t i a 1 w i t h  mean 
o f  0 . 7 ,  p r o c e s s i n g  t im e  d l s t r i b u t i o n - - e x p o n e n t i a 1 w i th  mean o f  1 , 0 ,  
t im e  be tw een  breakdown d i s t r i b u t i o n - - n o  machine  f a i l u r e s .
N u l l  h y p o t h e s i s  o f  no s e r i a l  c o r r e l a t i o n  r e j e c t e d  a t  t h e  .05
l e v e l .
"^Null h y p o t h e s i s  of  no s e r i a l  c o r r e l a t i o n  a c c e p t e d  a t  the  .05
l e v e l .
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TABLE 16 (C ontinued)
D a t e
P e r f o r m a n c e  Block   I n t e r r u p t i o n  Block  S i z e
Measure S iz e 25 30 35 40 50
1 0 - 2 6 . 7 2 * - 1 2 . 7 0 * - 1 6 . 7 5 * - 2 5 . 6 7 * - 2 0 .0 8 *
Machine 30 3 6 .2 0 * - 3 2 . 1 7 * - 3 3 . 3 4 * -3 8 .3 9 * - 5 1 .3 9 *
U t i l i z a t i o n 50 - 5 0 . 4 7 * -4 3 .4 4 * - 4 1 .7 0 * - 4 3 . 4 8 * - 6 3 .4 2 *
1 0 0 - 5 9 . 6 6 * -9 9 .2 3 * - 4 8 . 8 4 * - 7 9 .5 0 * - 5 9 .8 7 *
I n v e n t o r y 1 0 4 .9 5 * 5 .1 3 * 3 .6 3 * 2 .8 1 * 2 .4 7 *
by 30 2 .7 5 * 2 .9 1 * 3 .2 3 * 1 .91+ 1.44+
Count 50 2 . 7 2 * 1.7&+ 1.42+ 1 .59+ 1 . 2 0 +
1 0 0 2 .5 6 * 3 .1 3 * 3 . 3 2 * 2 .7 8 * 2 .6 5 *
I n v e n t o r y 1 0 4 .2 0 * 4 . 1 5 * 2 .7 1 * 2 .7 8 * 2 .3 1 *
by 30 2 .1 3 * 2 .5 1 * 3 .0 5 * 1 .93+ 1 .75+
C o n te n t 50 3 .7 3 * 1 .9 5 + 2 .3 1 * 2 .3 1 * 1 .94+
1 0 0 1 .5 9 + 1 .75+ 2 . 6 6 * 1 .95+ 2 .3 1 *
Mean 1 0 0 .0 4 + 0 .9 0 + 1 .49+ 1 .38+ 0 .5 9 +
Flow 30 0 .2 3 + 0 . 0 2 + 1 .62+ - 0 . 2 1 + - 0 . 2 9 +
Time 50 - 1 . 2 2 + - 1 .2 7 + - 2 . 3 0 * - 0 . 2 7 + 2 . 1 1 *
1 0 0 - 3 . 6 7 * - 3 . 3 1 * - 2 . 0 0 * - 4 . 2 6 * - 0 . 7 1 +
Mean 1 0 1 .33+ 2 .8 2 * 0.  76+ 1 . 2 1 + 0 .19+
L a t e n e s s 30 1 .03+ 1 .81+ 2 . 6 8 * 0 .8 1 + 1 .03+
50 0 .2 8 + 0 .5 0 + 0 .3 6 + 0 .0 4 + 0 .39+
1 0 0 0 .1 5 + 0 .7 6 + 2 .3 5 * 0 .7 9 + 0 .58+
Mean 1 0 0 .3 0 + 2 .0 4 * 1 .30+ 0 .9 1 + 0 .69+
T a r d i n e s s 30 1 .25+ 1.87+ 2 .5 7 * 0 .0 4 + 0 .93+
50 - 0 . 0 7 + 0 .65+ - 1 . 0 2 + 1.26+ - 0 . 0 4 +
1 0 0 - 0 . 7 4 + - 0 . 7 1 + 1 .17+ - 1 .2 4 + 0 .5 4 +
121
TABLE 16 (Continued)
Data
P er fo rm an ce  Block  I n t e r r u p t i o n  Block  S i z e
Measure S i z e 60 70 80 90 1 0 0
1 0 - 3 6 . 8 8 * - 4 0 . 4 2 * - 2 4 . 9 0 * - 4 8 . 8 4 * - 2 2 .6 0 *
Machine 30 - 3 7 . 6 4 * 4 6 .1 4 * - 3 1 . 8 3 * - 3 5 . 6 0 * - 4 1 .1 6 *
U t i l i z a t i o n 50 - 4 2 . 8 0 * - 4 5 . 9 7 * - 5 6 . 7 1 * - 3 5 . 6 0 * - 4 3 .0 0 *
1 0 0 - 7 8 . 4 6 * - 6 6 . 2 8 * - 1 0 1 .5 1 * -6 6 .0 9 * - 7 8 .0 7 *
I n v e n t o r y 1 0 2 .3 2 * 2 .2 6 * 0 .5 7 + 1.52 + 0.58+
by 30 0 .8 1 + 1 .51+ 0 .4 4 + 0 . 0 2 + 2 .6 1 *
Count 50 0 .4 6 + 0 .0 7 + 2 .6 7 * 2 .4 2 * 2 . 6 6 *
1 0 0 1 .06+ 1 .18+ 1 .8 0 + 2 .7 6 * 3 .4 8 *
I n v e n t o r y 1 0 2 .53* 2 .3 3 * 1 .33+ 1 .73+ 1.42+
by 30 1 .5 6 + 1 .85+ 1 .71+ - 0 . 5 2 + 1 .0 5 +
C o n te n t 50 1 .84+ - 0 . 0 8 + 0 .9 0 + 1 .37+ 2 .49+
1 0 0 1 .9 8 * 2 .1 8 * 1 .3 8 + 1 .95+ 1.63+
Mean 1 0 0 . 1 2 + - 1 . 7 2 + 0 .3 0 + - 2 . 4 2 * - 1 . 1 0 +
Flow 30 - 0 . 1 6 + - 3 . 0 5 * - 1 .1 8 + - 2 . 9 4 * 0.18+
Time 50 - 2 . 1 7 * - 2 . 0 0 * - 0 .8 4 + - 2 . 3 7 * -0 .0 3 +
1 0 0 - 0 . 1 8 + - 0 .1 3 + 0 .4 0 + - 0 . 8 7 + 0 . io+
Mean 1 0 0 . 6 8 + - 1 .1 3 + - 1 . 0 2 + - 1 . 1 1 + 0 . 6 6 +
L a t e n e s s 30 - 0 . 3 9 + - 0 .5 5 + - 0 .9 7 + - 0 .3 2 + 0 .17+
50 0 .9 0 + 0 .5 0 + 0 .1 7 + - 0 .8 4 + 1 .31+
1 0 0 2 .0 5 * 2 .4 0 * 2 .4 3 * 1 .99* 1.61+
Mean 1 0 0 .4 3 + - 1 . 1 4 + - 0 . 3 7 + - 1 .5 7 + - 0 .1 4 +
T a r d i n e s s 30 -0 .1 9 + - 1 .0 7 + - 0 . 8 3 + - 1 .3 3 + 0 .27+
50 - 0 .2 5 + 0 .6 7 + - 0 . 2 4 + - 1 .1 4 + 1.94+
1 0 0 1 .82+ 2 .04* 1 .93+ 1 .05+ 1 . 6 6 +
APPENDIX E
EFFECT OF CHANGES IN REPAIR TIME 
ON PERFORMANCE MEASURES
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TABLE 17
PERFORMANCE MEASURES FOR SPECIFIED 
LEVELS OF REPAIR TIME
P e r f o rm a n c e
Measure
P e r c e n t  R e p a i r  Timea
Case^  0 . 0 2 . 5 5 . 0 7 .5 1 0 .0 12.5
Machine I  79 .99 8 1 .8 3 8 3 .8 6 85 .61 8 7 .2 4 8 9 .11
U t i l I z a t I o n I I  8 5 .71 8 7 .47 89-43 91 .62 9 3 .8 0 9 5 .61
I n v e n t o r y I  2 3 .3 0 2 5 .81 2 8 .5 3 33 .31 3 8 .1 3 4 5 .35
by Count I I  2 9 .5 3 3 2 .7 8 3 7 .7 3 4 5 .4 4 5 5 .8 4 69 .56
I n v e n t o r y I  9 0 . 6 0 9 8 .7 6 107 .96 126.65 144 .63 169.21
by C o n te n t I I  112 .63 125 .99 143.93 173 .26 2 08 .85 2 5 4 .7 0
Mean I  18 .83 2 0 .9 4 2 2 .9 2 2 7 .1 4 31 .11 36 .79
Flow Time I I  2 1 .9 4 2 4 .6 0 2 8 .0 3 33 .41 4 1 .5 9 51 .92
S t d .  Dev. I  16 .36 19.79 2 1 .8 8 28 .75 35 .63 4 5 .1 0
Flow Time I I  2 2 .1 9 2 5 .5 6 3 3 .1 1 41 .22 64 .83 90 .62
Mean I  - 1 9 . 9 0 - 1 7 . 7 8 - 1 5 . 8 0 - 1 1 . 5 8 - 7 . 6 1 - 1 .93
L a t e n e s s I I  - 1 6 .7 8 -1 4 .1 3 - 1 0 . 7 0 - 5 .31 2 .8 7 1 3 .20
S t d .  Dev. I  17 .71 18 .88 1 9 .59 2 3 .69 28 .87 3 6 .9 4
L a t e n e s s I I  19 .88 2 1 .57 2 7 .0 5 3 3 .1 6 56 .65 8 1 .0 8
Mean I  0 .8 4 1 .4 9 1 .96 4 .0 8 6 .1 2 9 .8 1
T a r d i n e s s I I  1 .93 2 .8 8 4 .6 6 7 .80 14.15 22 .27
S t d .  Dev. I  3 .7 5 6 .4 4 8 .3 2 14 .22 21 .0 8 3 0 .36
T a r d i n e s s I I  8 .3 7 11.53 18 .48 26 .42 51 .42 76 .98
N ote :
E x p e r im e n t s  c o n d u c te d  u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :  SIO queue
d i s c i p l i n e ,  i n t e r a r r i v a l  t im e  d i s t r i b u t i o n - - e x p o n e n t i a l  w i th  mean o f  
0 .7 5  f o r  Case  I  and 0 .7 1 6 3  f o r  C a s e  I I ,  p r o c e s s i n g  t im e  d i s t r i b u t i o n - -  
e x p o n e n t i a l  w i t h  mean o f  1 . 0 ,  t im e  be tw een  breakdown d i s t r i b u t i o n - - 
e x p o n e n t i a l  w i th  mean o f  3 6 .3 6 3 6 .
a
R e p a i r  t im e  e x p r e s s e d  as  a p e r c e n t  o f  mean t im e  be tw een  b r e a k ­
down .
^Case  I :  80 p e r c e n t  machine  u t i l i z a t i o n  w i t h  no machine  b r e a k ­
down .
Case  I I :  85 p e r c e n t  machine  u t i l i z a t i o n  w i th  no machine b r e a k ­
down.
APPENDIX P
PERFORMANCE MEASURES AS A FUNCTION 
OF CYCLE TIME
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TABLE 18
EFFECT OF VARYING CYCLE TIME 
ON PERFORMANCE MEASURES
P e r f o rm a n c e S t a t  i s t i c C v c le s P e r  40 Time U n i t s
Measure Computed 1 /2 1 2 3 4
Machine
U t i l i z a t i o n
Mean
V a r i a n c e
8 9 .32
26 .48
8 9 .4 3
2 8 .9 4
8 9 .3 8
31 .47
8 9 .4 9  
27 .98
8 9 .4 8
2 7 .08
I n v e n t o r y  
by Count
Mean
V a r i a n c e
38 .31
6 5 .68
37 .73
5 8 .4 5
3 6 .7 7
58.71
3 6 .7 8
5 6 .5 9
37 .01
6 4 .4 8
I n v e n t o r y  
by C o n te n t
Mean
V a r i a n c e
146 .85
1006 .08
143 .93
1116 .34
140 .80
1046.43
140 .16
942 .95
142 .58
1146.35
Mean Flow 
Time
Mean
V a r i a n c e
2 9 .04
8 3 .8 9
28 .03
5 1 .6 0
2 7 .5 6
4 4 .7 9
2 7 .22
4 6 .7 8
2 7 .4 0
5 7 .87
S t d .  Dev. 
Flow Time
Mean
V a r i a n c e
3 4 .4 0
346 .12
33 .11
2 1 9 .5 7
31 .64
164 .65
3 0 .3 6
1 5 2 .4 0
3 0 .53
2 0 0 .9 0
Mean
L a t e n e s s
Mean
V a r i a n c e
- 9 .6 9  
7 0 .05
- 1 0 . 7 0
3 3 .2 8
- 1 1 .1 7
3 3 ,02
-1 1 .5 1
3 1 .53
- 1 1 . 3 3
4 1 .7 3
S t d .  Dev. 
L a t e n e s s
Mean
V a r i a n c e
2 8 .6 2
270 .07
2 7 .0 5
158.42
2 5 .9 4
113 .89
2 4 .3 6
105 .00
2 4 .8 4
148 .89
Mean
T a r d i n e s s
Mean
V a r i a n c e
5 .33
3 4 .8 6
4 . 6 6
16.52
4 . 5 4
15.48
4 .0 5
16.67
4 .2 2
1 9 .36
S t d .  Dev. 
T a r d i n e s s
Mean
V a r i a n c e
2 0 .3 2
3 5 7 .0 8
18 .48
2 2 5 .2 7
17.23
166 .89
15.54
149.17
15 .94
210 .32
Note ;
Shop s i m u l a t e d  u n d e r  th e  f o l l o w i n g  c o n d i t i o n s :  SIO queue  d i s c i ­
p l i n e ,  i n t e r a r r i v a l  t ime  d l s t r i b u t i o n - - e x p o n e n t i a l  w i th  mean o f  0 . 7 5 ,  
p r o c e s s i n g  t ime d i s t r i b u t i o n - - e x p o n e n t i a l  w i t h  mean o f  1 . 0 ,  t im e  be tw een  
breakdown d i s t r i b u t i o n - - e x p o n e n t i a l  w i t h  mean s e t  t o  g i v e  d e s i r e d  number 
o f  breakdown c y c l e s  p e r  40 t im e  u n i t s .
APPENDIX G
SAMPLE CALCULATIONS FOR TIE POWER OF THE 
ANALYSIS OF VARIANCE F TEST
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The p u r p o s e  o f  t h i s  a p p e n d ix  I s  t o  I l l u s t r a t e  how e s t i m a t e s  o f  
t h e  power o f  th e  "F" t e s t  were  c a l c u l a t e d  f o r  t h e  2^ p i l o t  e x p e r i m e n t s .  
C o h e n ' s  index  of  d e p a r t u r e  from no e f f e c t  and  power t a b l e s  were used  
f o r  t h e  a n a l y s i s . *  The d e g r e e  o f  f reedom  f o r  t h e  2^ f a c t o r i a l  m ode l ,  
i n c l u d i n g  i n t e r a c t i o n s ,  c an  be  p a r t i t i o n e d  i n  t h e  f o l l o w i n g  m anner .
E f f e c t  D egrees  o f  Freedom
A 1
B 1
AB 1
C 1
AC 1
BC 1
ABC 1
D 1
AD 1
BD 1
ABD 1
CD 1
BCD 1
ABCD 1
R e s i d u a l  16 ( R - l )
where  R i s  t h e  number o f  r e p l i c a t i o n s  f o r  e ac h  c e l l  (26  f o r  t h e  p i l o t  
e x p e r i m e n t s ) .
The c a l c u l a t i o n s  p r e s e n t e d  i n  t h i s  example  a r e  f o r  one f a c t o r  
o f  t h e  2^ f a c t o r i a l  m ode l .  I f  means f o r  b o th  l e v e l s  o f  a f a c t o r  a re  
e q u a l  no e f f e c t  i s  d e t e c t e d .  C o h e n ' s  in d e x  o f  d e p a r t u r e  from no e f f e c t  
i s  d e f i n e d  as
*Cohen, S t a t i s t i c a l  Power A n a l y s i s  f o r  t h e  B e h a v i o r a l  S c i e n c e s , 
p p .  2 6 6 -3 9 6 .
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w here  <*m i s  the  s t a n d a r d  d e v i a t i o n  o f  f a c t o r  means and °  i s  t h e  
e x p e r i m e n t a l  e r r o r .  Hie s t a n d a r d  d e v i a t i o n  o f  f a c t o r  means I s  c a l c u ­
l a t e d  as
k
k
where  th e  a r e  means o f  th e  k l e v e l s  o f  t h e  f a c t o r  o f  I n t e r e s t ,  and 
m i s  t h e  o v e r a l l  mean o f  a l l  f a c t o r s .
When t h e  "F"  s t a t i s t i c  i s  fo rm ed ,  t h e  d e g r e e s  o f  f reedom  in  
the  n u m e r a to r  i s  one w h i l e  t h e  d e n o m in a to r  d e g r e e s  o f  f reedom i s
16(R -1 )  -  400
f o r  t h i s  exam ple .  However, f o r  a s p e c i f i e d  p r o b a b i l i t y  o f  a Type I  
e r r o r  and in d e x  o f  d e p a r t u r e  from no e f f e c t ,  Cohen’ s power t a b l e s  
presume d e n o m in a to r  d e g r e e s  o f  f reedom o f
k ( n - l )  -  414
where  n i s  t h e  number o f  o b s e r v a t i o n s  upon which e a c h  k mean i s  b a s e d .  
Thus ,  t a b l e d  v a l u e s  s l i g h t l y  o v e r  e s t i m a t e  t h e  a c t u a l  power o f  th e  
"F"  t e s t .
Cohen s u g g e s t s  t h a t  a c o n s e r v a t i v e  u n d e r e s t i m a t e  of  power can  
be o b t a i n e d  by u s i n g  d e n o m in a to r  d e g r e e s  o f
a c t u a l  d e g r e e s  o f  f r e e d o n  + 1 ■ 201.  
k
T h e r e f o r e ,  power e s t i m a t e s  f o r  th e  2 p i l o t  e x p e r i m e n t s  were 
b a se d  on 201 d e n o m in a to r  d e g r e e s  o f  f reedom .  I t  s h o u l d  be n o t e d  t h a t
t h i s  y i e l d s  v a l u e s  w hich  p r o v id e  a low er bound on th e  a c t u a l  power 
th e  MF" s t a t i s t i c .
APPENDIX H
RESULTS OF TESTS TO DETERMINE HOW WELL DATA FROM 
THE EXPERIMENTS MEET TIE ANALYSIS OF 
VARIANCE ASSUMPTIONS
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TABLE 19
MF" STATISTIC FOR BARTLETT'S TEST OF HOMOGENEITY 
OF VARIANCE ON TRANSFORMED DATA 
FROM EXPERIMENTS3
P e r fo rm a n c e T r a n s f o r m a t io n Used
M easure
None I n v e r s e ( x )
S q u are
R o o t(x )
M achine U t i l i z a t i o n 1 .49 1 .8 4 1 .53
I n v e n to r y  by Count 4 .1 0 1 0 .9 6 3 .7 0
I n v e n to r y  by C o n te n t 1 5 .86 6 .1 8 9 .8 7
Mean Flow Time 5 .3 1 1 5 .3 6 5 .4 8
S td .  Dev. Flow Time 4 1 .9 0 2 0 .8 2 2 8 .1 5
Mean L a te n e s s 6 .9 2 4 3 .5 8 7 .4 4
S t d .  Dev. L a te n e s s 4 9 .7 5 15.62 2 4 .2 1
Mean T a r d in e s s 7 .1 9 3 7 .0 4 4 .8 2
S t d .  Dev. T a r d in e s s 4 3 .1 0 4 9 .5 8 2 1 .4 9
a i n  a l l  c a s e s  
.0005  l e v e l .
th e  h y p o t h e s i s  of e q u a l  v a r i a n c e s i s  r e j e c t e d  a t
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TABLE 19 ( C o n t in u e d )
P e r fo rm a n c e  T r a n s f o r m a t io n  Used
M easure  S q u a re  N a t u r a l  N a t u r a l
Root(x-HO L o g a r i th m (x )  L o g a r l t h m ( x + l )
M achine  U t i l i z a t i o n 1 .5 4 1 .6 9 1 . 6 8
I n v e n to r y  by Count 3 .6 9 4 .5 5 4 .4 9
I n v e n t o r y  by C o n te n t 9 .8 9 6 .4 4 6 .4 6
Mean Flow Time 5 .4 7 7 .0 0 6 . 8 8
S t d .  Dev. Flow Time 2 0 .2 8 2 0 . 8 6 2 1 .0 9
Mean L a te n e s s 7 .3 9 1 1 .6 4 1 0 .9 7
S td .  Dev. L a te n e s s 2 4 .6 5 10 .57 1 1 .2 6
Mean T a r d in e s s 4 .7 8 8 .6 3 6 .8 3
S t d .  Dev, T a r d in e s s 2 1 .8 3 k.7.29 1 5 .9 4
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TABLE 20
RESULTS OF COCHRAN'S TEST OF HOMOGENEITY 
OF VARIANCE ON TRANSFORMED DATA 
FROM EXPERIMENTS3
P e r fo rm a n c e T r a n s f o r m a t io n  Used
M easure
None I n v e r s e ( x )
S q u a re
R o o t(x )
Machine U t i l i z a t i o n 0 .0131 0 .0 1 4 6 0 .0 1 3 3
I n v e n to r y  by Count 0 .0 1 5 4 0 .2 3 7 0 0 .0131
I n v e n to r y  by C o n te n t 0 .0 2 9 8 0 .0 2 1 5 0 . 0 2 2 1
Mean Flow Time 0 .0 2 0 8 0 .0 3 0 7 0 . 0 2 0 1
S t d .  Dev. Flow Time 0 .0 9 3 9 0 .0 3 7 5 0 .0 5 9 8
Mean L a te n e s s 0 . 0 2 1 0 0 .0 1 2 5 0 .0 2 1 6
S t d .  Dev. L a te n e s s 0 . 1 0 1 0 0 .0 3 9 7 0 .0 5 8 0
Mean T a r d i n e s s 0 .0 2 5 4 0 .0 3 4 8 0 .0 1 6 7
S t d .  Dev. T a r d in e s s 0 .0937 0 .0 6 0 8 0 .0 4 7 4
a In  a l l  c a s e s  t h e  h y p o t h e s i s  o f  e q u a l  v a r i a n c e  i s  r e j e c t e d  a t  th e  
. 0 1  l e v e l .
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TABLE 20 (C o n t in u e d )
P e rfo rm a n ce T r a n s f o r m a t io n  Used
M easure S q u are
R oot(x+ l()
N a t u r a l
L o g a r l th m (x )
N a tu r a l  
L o g a r i t h m ( x + l )
M achine U t i l i z a t i o n 0 .0 1 3 4 0 .0 1 3 9 0 .0 1 3 9
I n v e n t o r y  by Count 0 .0131 0 .0 1 4 0 0 .0 1 3 8
I n v e n to r y  by C o n te n t 0 . 0 2 2 1 0 .0 1 9 2 0 .0 1 9 3
Mean Flow Time 0 . 0 2 0 1 0 .0 2 1 3 0 . 0 2 1 2
S t d .  Dev. Flow Time 0.0601 0 .0 4 0 2 0 .0409
Mean L a te n e s s 0 .0 2 1 5 0 .0 2 9 7 0 .0 2 6 6
S t d .  Dev. L a te n e s s 0 .0 5 8 6 0 .0 2 9 0 0 .0 3 0 9
Mean T a r d in e s s 0 .0 1 6 9 0 .0 1 8 0 0.0157
S t d .  Dev. T a r d in e s s 0 .0 4 8 3 0 .0 2 7 3 0 .0273
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TABLE 21
RESULTS OF KOLMOGOROV-SMIRNOV TEST ON TRANSFORMED
DATA FROM THE TREATMENTS UNDER THE NULL
HYPOTHESIS OF A NORMAL POPULATION
P e rfo rm a n c e
M easure
Nitmher o f  T r e a tm e n ts
A c ce p t
N u l l  H y p o th e s i s 1
R e j e c t  N u l l  H y p o th e s is  
.0 5  L ev e l  .01 L ev e l
M achine
U t i l i z a t i o n 160 16
I n v e n to r y  
by Count 134 37
I n v e n to r y  
by C o n te n t
Mean
Flow Time
155
149
15
26
10
S t d .  Dev. 
Flow Time 148 20 12
Mean
L a te n e s s 153 21
S t d .  Dev. 
L a te n e s s
Mean
T a r d in e s s
167
142
10
22 16
S t d .  Dev. 
T a r d in e s s 119 28 33
Column e n tr ie s  for  each performance measure rep resen t the r e s u lt s
o f  the t e s t  ap p lied  to  180 trea tm en ts.
Combined r e s u lt s  for  the .05 and .01 l e v e l s .
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TABLE 22
RESULTS OF KOLMOGOROV SMIRNOV TEST ON NONTRANSFORMED
DATA FROM THE TREATMENTS UNDER THE NULL
HYPOTHESIS OF A NORMAL POPULATION
P e rfo rm a n ce
M easure
Number o f  T r e a tm e n ts 3
A ccep t
N u l l  Hvoothe s i e b
R e j e c t  N u l l  
.0 5  L evel
H y p o th e s is  
.0 1  L ev e l
M achine
U t i l i z a t i o n 160 16 4
I n v e n t o r y  
by Count 136 30 14
I n v e n to r y  
by C o n te n t 158 14 8
Mean
Flow Time 149 26 5
S td .  Dev. 
Flow Time 152 15 13
Mean
L a te n e s s 153 2 1 6
S t d . Dev . 
L a te n e s s 147 17 16
Mean
T a r d in e s s 125 35 2 0
S td .  Dev. 
T a r d in e s s 147 18 15
Column e n t r i e s  f o r  each  p e r fo rm a n c e  m easure  r e p r e s e n t  t h e  r e s u l t s  
o f  th e  t e s t  a p p l i e d  t o  180 t r e a t m e n t s .
^Combined r e s u lt s  fo r  the .05  and .01 l e v e l s .
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TABLE 23
RESULTS OF WALD-WOLFOWITZ TEST ON TRANSFORMED DATA 
FROM THE TREATMENTS UNDER THE NULL HYPOTHESIS 
OF NO SERIAL CORRELATION
P e rfo rm a n ce
M easure
Number o f  T r e a tm e n t s 8
A ccep t
N u l l  H y p o th e s i s *5
R e j e c t  Nu11 
.05  L e v e 1
H y p o th e s is  
.01 L ev e l
M achine
U t i l i z a t i o n 0 0 180
I n v e n to r y  
by Count 7 2 171
I n v e n to r y  
by C o n te n t 65 4 1 1 1
Mean
Flow Time 26 17 137
S t d .  Dev. 
Flow Time AO 7 133
Mean
L a te n e s s 38 2 0 1 2 2
S t d .  Dev. 
L a te n e s s 1 1 3 166
Mean
T a r d i n e s s 83 13 84
S td .  Dev. 
T a r d in e s s 26 1 0 144
Column e n t r i e s  f o r  e ach  p e r fo rm a n c e  m easu re  r e p r e s e n t  th e  r e s u l t s  
o f  th e  t e s t  a p p l i e d  t o  180 t r e a t m e n t s .
kCombined r e s u lt s  fo r  the .03 and .01 l e v e l s .
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TABLE 24
RESULTS OF WALD“WOLFCWITZ TEST ON NON TRANS FORMED DATA 
FROM THE TREATMENTS UNDER TIE NULL HYPOTHESIS 
OF NO SERIAL CORRELATION
P e rfo rm a n ce
Measure
^um Eer"?TTreatm ents^
A ccep t
N u ll  H ypo thesis*
R e j e c t  N u l l  H y p o th e s is  
.0 5  L eve l .01  L eve l
M achine
U t i l i z a t i o n
I n v e n t o r y  
by Count
I n v e n to r y  
by C o n te n t
Mean
Flow Time
S t d .  Dev. 
FLow Time
62
0
26
59
37
17
16
180
81
180
137
105
Mean
L a te n e s s 38 20 122
S t d .  Dev. 
L a te n e s s
Mean
Ta r d i n e  s s
100
53
15
14
65
113
S t . Dev. 
T a r d in e s s 87 28 65
Column e n tr ie s  for each performance measure rep resen t the r e s u lt s
o f the t e s t  ap p lied  to  180 trea tm en ts.
Combined r e s u lt s  for the .05 and .01 l e v e l s .
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TABLE 25
RESULTS OF DURBIN-WATSON TEST ON TRANSFORMED DATA
FROM THE TREATMENTS UNDER THE NULL HYPOTHESIS
OF NO SERIAL CORRELATION
P e r fo rm a n c e
M easure
Number o f  T r e a tm e n t s 8
A ccep t Nul£ 
H y p o th e s is
T e s t  Not 
C o n c lu s lv e  
•05 L e v e l  .02 L ev e l
R e j e c t  N u l l  
H y p o th e s is  
.02 L eve l
M achine
U t i l i z a t i o n 105 23 26 26
I n v e n to r y  
by Count 1 0 4 175
I n v e n to r y  
by C o n te n t 30 4 16 130
Mean
Flow Time 56 1 1  2 1 92
S t d ,  Dev. 
Flow Time 54 12 24 90
Mean
L a te n e s s 25 12 5 138
S t d .  Dev. 
L a te n e s s 56 15 29 80
Mean
T a r d in e s s 28 2 13 137
S t d .  Dev. 
T a r d in e s s 32 4 13 131
Column e n t r i e s  f o r  e ach  p e r fo rm a n c e  m easu re  r e p r e s e n t  th e  r e s u l t s  
o f  t h e  t e s t  a p p l i e d  t o  180 t r e a t m e n t s .
^Combined r e s u lt s  fo r  the .05 and .02 l e v e l s .
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TABLE 26
RESULTS OF DURBIN-WATSON TEST ON NONTRANSFORMED DATA
FROM THE TREATMENTS UNDER TIC NULL HYPOTHESIS
OF NO SERIAL CORRELATION
P e rfo rm a n c e
M easure
Number o f  T r e a tm e n tsr
A ccep t N u l l  
Hypothesis**
T e s t  Not 
C o n c lu s iv e
.0 5  L e v e l  .02  L ev e l
R e j e c t  N u ll  
Hypothes i s  
.02  L eve l
M achine
U t i l i z a t i o n 100 23 26 31
I n v e n to r y  
by Count 20 0 155
I n v e n to r y  
by C o n te n t 32 15 127
Mean
Flow Time 57 11 21 91
S t d .  Dev, 
Flow Time 64 18 15 83
Mean
L a te n e s s 25 12 138
S t d .  Dev, 
L a te n e s s 63 19 21 77
Mean
T a r d i n e s s 31 134
S t d .  D e v .  
T a r d I n e s s 32 11 18 119
£
Column e n tr ie s  fo r  each performance measure rep resen t the r e s u lt s
of th e  t e s t  ap p lied  to  180 trea tm en ts.
b.Combined r e s u lt s  fo r  the .05  and .02 l e v e l s .
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TABLE 27
RESULTS OF RUNS TEST ON NONTRANSFORMED DATA FROM 
THE TREATMENTS UNDER THE NULL HYPOTHESIS 
OF RANDOM SAMPLES
P e rfo rm a n c e
M easure
Number o f  Treatments**
A ccep t
N u l l  H y p o th e s i s 13
R e l e c t  N u l l  
.05  L ev e l
H y p o th e s is  
.01  L ev e l
M achine
U t i l i z a t i o n 155 2 0 5
I n v e n to r y  
by Count 2 0 42 118
I n v e n to r y  
by C o n te n t 6 8 6 1 51
Mean
Flow Time 1 0 2 48 30
S t d .  Dev. 
Flow Time 106 31 43
Mean
L a te n e s s 65 35 80
S t d .  Dev. 
L a te n e s s 109 47 24
Mean
T a r d i n e s s 76 28 76
S t d .  Dev. 
T a r d in e s s 83 35 62
Q
Column e n t r i e s  f o r  each  p e rfo rm a n c e  m easu re  r e p r e s e n t  th e  r e s u l t s  
o f  t h e  t e s t  a p p l i e d  t o  180 t r e a t m e n t s .
^Combined r e s u lt s  fo r  the .0 5  and .01  l e v e l s .
APPENDIX I
RESULTS OF F TEST FOR NONTRANSFORMED
DATA FROM TIE EXPERIMENTS
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TABLE 28
PROBABILITY OF ANALYSIS OF VARIANCE F STATISTIC 
UNDER THE NULL HYPOTHESIS OF NO EFFECT FOR 
NONTRANSFORMED DATA FROM EXPERIMENTS
D eg rees  M achine I n v e n to r y  I n v e n to r y  Mean
o f
S o u rce  Freedom
U t i l i ­
z a t i o n
by
Count
by
C o n te n t
Flow
Time
A 4 0 .0 2 4 1 * 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
B 2 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
C 2 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
D 3 0 .0 2 2 3 * 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
AB 8 0 .9947 0 .0 2 4 4 * 0 .0 0 2 8 * * 0 .2203
AC 8 0 ,5 8 2 6 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
BC 4 0 .9 0 4 3 0 .6 9 5 4 0 .9 9 5 8 0 .5 2 6 6
AD 12 0 .9 9 9 3 0 .6 7 4 3 0 .0 9 2 5 0 .5269
BD 6 0 .9987 0 .8 4 0 8 0 .9592 0 .8 7 2 8
CD 6 0 .9 8 6 4 0 .0 9 0 7 0 .1 2 1 8 0 .1 9 1 6
ABC 16 0 .9 8 2 0 0 .9 9 5 0 0 .9 9 1 3 0 .9 9 7 3
ABD 24 1 . 0 0 0 0 0 .9 9 7 2 0 .9992 0 .9 9 8 4
ACD 24 1 . 0 0 0 0 0 .9937 0 .9 9 8 0 0 .9607
BCD 1 2 1 . 0 0 0 0 0 .9 9 9 8 0 .9 9 8 0 0 .9 9 3 0
ABCD 48 1 . 0 0 0 0 1 . 0 0 0 0 1 . 0 0 0 0 0 .9977
N u l l  h y p o th e s i s o f no e f f e c t r e j e c t e d  a t .05 l e v e l .
* * N u ll  h y p o t h e s i s  o f  no e f f e c t r e j e c t e d  a t . 0 1  l e v e l .
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TABLE 28 (C on tin u ed )
Source
S td .  
Dev. 
Flow 
T ine
Mean
L a te n e s s
S t d .
Dev.
L a te n e s s
Mean
T a r d i ­
n e s s
S t d .
Dev.
T a r d i ­
n e s s
A 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
B 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
C 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
D 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
AB 0.0019** 0 .0 9 8 8 0 .0 0 3 9 * * 0 .1922 0 .0 1 1 9 *
AC 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
BC 0 .1 2 5 9 0 .5 9 2 7 0 .1 0 9 0 0 .1 2 5 8 0 .0 8 7 9
AD 0 .0 2 2 9 * 0 .2 6 3 8 0 .0 2  72* 0 .0 0 4 2 * * 0 .1 1 7 9
BD 0.5 4 9 1 0 .7 9 4 8 0 .5 7 8 3 0 .5187 0 .5 7 7 0
CD 0 .5 1 7 8 0 .0 9 5 9 0 .5 0 9 9 0 .0 6 0 3 0 .5 1 6 8
ABC 0.2352 0 .9 9 0 5 0 .0835 0 .8272 0 .1 4 5 5
ABD 0 .6 6 0 0 0 .9922 0 .4 2 9 8 0 .9123 0 .5187
ACD 0.9 4 2 1 0 .8 6 5 5 0 .8 5 7 4 0 .6 9 6 9 0 .9 3 3 9
BCD 0.5493 0 .9821 0 .3 7 4 9 0 .9 3 9 9 0 .4 3 8 4
ABCD 0 .6 2 4 3 0 .9 7 5 8 0 .5 6 6 5 0 .9 2 2 0 0 .6 0 2 4
APPENDIX J
RESULTS OF CALCULATION OF MAIN EFFECT SIZE
FOR TRANSFORMED DATA FROM TIE EXPERIMENTS
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TABLE 29
INDEX OF MAIN EFFECT SIZE, f ,  FOR FACTORS A, B, C, 
AND D FOR TRANSFORMED DATA 
FROM THE EXPERIMENTS
P e rfo rm a n c e f
M easu re F a c t o r  A F a c t o r  B F a c t o r  C F a c t o r  D
M achine
U t i l i z a t i o n . 0 2 .08 .13 . 0 2
I n v e n to r y  
by Count .3 4 . 1 1 . 2 1 .0 8
I n v e n t o r y  
by C o n te n t .5 3 .09 .23 .0 7
Mean Flow 
Time .35 . U .1 9 . 1 2
S t d .  Dev. 
Flow Time .46 . 1 1 .15 • 1—* to
Mean
L a te n e s s .3 9 . 1 2 . 2 2 .13
S t d .  Dev. 
L a t e n e s s .6 0 .08 .19 . 1 0
Mean
T a r d i n e s s . 2 0 . 1 2 .23 .13
S t d .  Dev. 
T a r d in e s s .29 .13 .1 4 . 1 0
APPENDIX K
RESULTS OF Tffi ANALYSIS ON SC*DOLING RULE 
AND BREAKDOWN DISTRIBUTION INTERACTIONS
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TABLE 30
PERFORMANCE MEASURES FOR SIGNIFICANT SCHEDULING 
RULE--BREAKDOWN DISTRIBUTION INTERACTIONS
P e rfo rm a n c e S c h e d u l in g Breakdown D i s t r i b u t i o n 3
M easure R ule 1 2 3 4
FISFS 18 .11 17 .74 1 6 .9 8 1 5 .8 6
S t d .  Dev.
FCFS 3 0 .7 9 3 0 .6 9 2 9 .4 8 26 .87
Flow Time SIO 3 3 .1 2 3 3 .0 5 3 1 .4 8 2 8 .7 7
DSLACK 2 8 .8 7 2 8 .8 7 2 7 .9 6 2 6 .9 8
SSLACK 2 9 .8 4 3 0 .2 8 2 9 .4 9 2 7 .9 7
FISFS 1 6 .9 3 1 6 .6 8 1 6 .2 4 16 .23
FCFS 1 9 .4 1 1 8 .9 3 17 .97 16 .41
S t d .  Dev. SIO 3 2 .3 1 3 2 .4 3 3 0 .6 8 2 8 .6 4
L a te n e s s
DSLACK 10.54 10.32 9 .4 6 8 .3 2
SSLACK 11.27 11 .72 1 0 .7 9 9 .4 5
FISFS 15 .49 1 6 .28 14 .03 1 1 .5 6
FCFS 1 7 .2 9 17.11 15.59 11 .98
Mean SIO 7 ,9 4 7 .9 3 7 .1 4 5 .9 9
T a r d i n e s s
DSLACK 1 1 .8 9 1 2 .16 9 .9 6 7 .2 0
S SLACK 1 1 . 2 0 12 .33 1 0 .3 0 6 .9 7
N o t e ;
A n a ly s i s  p e r fo rm e d  on t r a n s f o r m e d  d a t a ,  r e s u l t s  p r e s e n t e d  in  
o r i g i n a l  s c a l e .
g
1 - -H y p e r -e x p o n e n t  i a l  
2 - - E x p o n e n t i a l
3 - - E r l a n g
4 --No M achine Breakdowns
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TABLE 31
PROBABILITY OF ANALYSIS OF VARIANCE F STATISTIC 
UNDER NULL HYPOT1ESIS OF NO EFFECT FOR TRANS­
FORMED DATA FROM THE EXPERIMENTS WITH TIE 
CONDITION OF NO MACHINE FAILURES EXCLUDED
S o u rce
D egrees
o f
Freedom
M achine
U t i l i ­
z a t i o n
I n v e n ­
t o r y  by 
Count
I n v e n ­
t o r y  by 
C o n te n t
Mean
Flow
Time
A 4 0 .0 2 2 4 * 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
B 2 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
C 2 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
D 2 0 .5817 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
AB 8 0 .9 9 2 7 0 .0 9 1 6 0 .3341 0 .3 5 1 4
AC 8 0 .7 3 8 6 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
BC 4 0 .9 2 2 8 0 .8 4 4 8 0 .7 2 6 4 0 .5 6 3 2
AD 8 0 .9 9 9 6 0 .9 0 4 5 0 .9 8 8 8 0 .8 8 4 5
BD 4 0 .9 9 6 2 0 .9 5 7 4 0 .8 5 3 7 0 .8 6 7 2
CD 4 0 .9 9 5 1 0 .3 0 3 6 0 .1 9 2 3 0 .3 1 5 8
ABC 16 0 .9 7 1 1 0 .9951 0 .9883 0 .9 9 8 5
ABD 16 1 . 0 0 0 0 0 .9 8 4 0 0 .9 7 7 7 0 .9763
ACD 16 1 . 0 0 0 0 0 .9 6 7 4 0 .9 9 6 6 0 .8 2 1 5
BCD 8 0 .9 9 9 3 0 .9972 0 .9 7 5 7 0 .9 7 4 3
ABCD 32 1 . 0 0 0 0 0 .9 9 9 3 0 .9 9 8 7 0 .9 9 3 4
N u l l  h y p o t h e s i s o f  no e f f e c t r e j e c t e d  a t .0 5  l e v e l .
* * N u ll  h y p o t h e s i s  o f  no e f f e c t r e j e c t e d  a t . 0 1  l e v e l .
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TABLE 31 (C ontinued)
S o u rce
S t d .
Dev.
Flow
Time
Mean
L a te n e s s
S td .
Dev.
L a te n e s s
Mean
T a r d i n e s s
S t d .
Dev,
T a r d in e s s
A 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
B 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
C 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
D 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
AB 0 .0 0 0 8 * * 0 .1 9 4 2 0 .0 0 7 0 * * 0 .2 8 0 5 0 .1 5 3 0
AC 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 ** 0 . 0 0 0 1 **
BC 0 .0 0 3 5 * * 0 .5 4 9 8 0 .0 0 4 6 * * 0 .1 4 6 3 0 . 0 0 0 2 **
AD 0.3241 0 .7 9 4 0 0 .5 3 3 4 0 .6 9 7 4 0 .9 6 3 0
BD 0.6997 0 .8 0 8 8 0 .7677 0 .8 2 8 9 0 .7 4 0 5
CD 0.5192 0 .2 1 2 3 0 .5 4 5 1 0 .2 1 9 7 0 .5155
ABC 0.9782 0 .9 9 5 1 0 .5 1 9 5 0 .9 8 9 6 0 .9 5 3 2
abd 0 .9 7 0 6 0 .9 3 4 8 0 .5 9 7 9 0 .9 1 1 9 0 .9 7 9 0
ACD 0 .9 9 4 7 0 .6412 0 .9 4 1 4 0 .6762 0 .9814
BCD 0.9897 0 .9 5 0 7 0 .1 9 3 0 0 .8 6 5 5 0 .7 7 9 9
ABCD 0.9 6 6 6 0 .7 7 0 2 0 .7 1 3 9 0 .7 8 2 9 0 .9 3 6 6
APPENIX L
GRAPHS OF THE INTERARRIVAL--SERVICE TIME DISTRIBUTIONS, SCHEDULING 
RULE--INTERARRIVAL TIME DISTRIBUTION, AND SERVICE TIME--BREAKDOWN 
DISTRIBUTIONS INTERACTIONS
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S t d .  Dev. 
T a r d in e s s
2 0 . 0
1 5 .0 U nifo rm
E r la n g
E x p o n e n t i a l
1 0 . 0
5 .0
S e r v i c e  Time 
D i s t r i b u t i o n0.0
E x p o n e n t i a l E r la n g U n ifo rm
Figure 28 . In te r a c t io n  o f  in te r a r r iv a l  and s e r v ic e  tim e d ia tr ib u
tio n a  fo r  transform ed standard d e v ia tio n  ta r d in e s s .
R esu lts  p resen ted  in o r ig in a l  s c a le .
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S t d .  Dev. 
L a te n e s s
2 0 . 0
U niform
E r la n g
E x p o n e n t i a l
1 2 .5
S e r v ic e  Time 
D i s t r i b u t i o n0.0
E x p o n e n t l a 1 E r la n g U nifo rm
Figure 29. I n te r a c t io n  o f  in te r a r r iv a l  and se r v ic e  time d is t r ib u ­
t io n s  fo r  transform ed standard d e v ia tio n  la te n e s s .
R esu lts  p resen ted  in  o r ig in a l  s c a le .
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S t d .  Dev. 
Flow Time
3 0 .0
U nifo rm
E r la n g
E x p o n e n t i a l2 5 .0
2 0 . 0
1 5 .0
S e r v i c e  Time 
D i s t r i b u t i o n0 . 0
U n ifo rmE x p o n e n t i a l E r la n g
Figure 30, I n te r a c t io n  o f in te r a r r iv a l  and s e r v ic e  time d is t r ib u ­
t io n s  fo r  transform ed standard d e v ia tio n  flow  tim e.
R esu lts  p resen ted  in  o r ig in a l  s c a le .
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S t d .  Dev. 
L a te n e s s
4 0 .0
SIO
3 0 .0
2 0 . 0
• FCFS 
. FISFS
S SLACK 
DSLACK1 0 . 0
A r r i v a l  Time 
j  D i s t r i b u t i o n0. 0
E x p o n e n t l a 1 E r la n g U niform
Figure 31. I n te r a c t io n  o f  sch ed u lin g  r u le  and in te r a r r iv a l time
d is tr ib u t io n  fo r  transform ed standard d e v ia tio n  l a t e ­
n e s s . R esu lts  p resen ted  In o r ig in a l  s c a le .
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S t d .  Dev.
Flow Time
35 . Or
SIO
FCFS
3 0 .0 * SSLACK
DSLACK
2 5 .0
2 0 . 0 -
FISFS
1 5 . 0 -
A r r i v a l  Time 
j  D i s t r i b u t i o n0.(1
E r l a n gE x p o n e n t la  1 U nifo rm
Figure 32. In te r a c t io n  o f sch ed u lin g  r u le  and in te r a r r iv a l  time
d is t r ib u t io n  fo r  transform ed standard d e v ia tio n  flow
tim e. R e su lts  p resen ted  in  o r ig in a l  s c a le .
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I n v e n to r y  
By C o n te n t
E x p o n e n t i a l
160
150
* U niform
140 -
130 E r l a n g
j  Breakdown 
4 D i s t r i b u t i o n 131 2
F ig u r e  33. I n t e r a c t i o n  o f  s e r v i c e  t im e  and  breakdow n d i s t r i b u t i o n s  
f o r  t r a n s f o r m e d  I n v e n to r y  by c o n t e n t .  R e s u l t s  p r e s e n t e d  
i n  o r i g i n a l  s c a l e .
a 1 - - H y p e r - e x p o n e n t i a l
2 - - E x p o n e n t i a l
3 - - E r la n g
4 --N o m achine  f a i l u r e s
APPENDIX M
RESULTS OF THE ANALYSIS ON SCHEDULING RULE 
AND SERVICE TIME DISTRIBUTION INTERACTIONS
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TABLE 32
PERFORMANCE MEASURES FOR SIGNIFICANT SCHEDULING 
RULE---SERVICE TIME DISTRIBUTION INTERACTIONS
P e rfo rm a n c e  S c h e d u l in g  S e r v i c e  Time D i s t r i b u t i o n 3
M easure  R ule  1 2  3
FISFS 7 4 .6 2 5 5 .4 5 6 4 .8 6
FCFS 7 4 .82 56 .51 6 6 .3 7
I n v e n to r y  
by Count
SIO 3 5 .3 8 4 1 .9 7 4 5 .1 4
DSLACK 6 8 .0 4 5 4 .0 0 6 1 .8 6
SSLACK 6 7 .0 4 5 3 .51 6 1 .8 6
FISFS 142 .91 105 .7 4 118.11
FCFS 2 7 7 .4 7 20 9 .2 7 2 4 4 .9 7
I n v e n to r y  
by C o n te n t
SIO 1 34 .12 1 56 .6 8 168 .09
DSLACK 162 .15 1 19 .0 0 129 .98
S SLACK 1 5 4 .9 0 114.81 126 .14
FISFS 5 7 .6 5 4 5 .2 2 5 2 .9 9
FCFS 5 8 .3 2 4 7 .5 1 5 5 .4 4
Mean SIO 2 7 .3 3 3 4 .15 3 7 .1 0
Flow Time
DSLACK 5 2 .6 1 4 4 .0 9 5 0 .7 5
SSLACK 5 1 .9 1 4 3 .5 1 5 0 .4 9
N o te :
A n a ly s i s  p e r fo rm e d  on t r a n s f o r m e d  d a t a ,  r e s u l t s  p r e s e n t e d  In  
o r i g i n a l  s c a l e .
a
1 - - E x p o n e n t i a l
2 - - E r l a n g
3 - -U n ifo rm
TABLE 32 (Continued)
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Performance
Measure
S c h e d u l in g
Rule
S e r v i c e  Time D i s t r i b u t i o n 8
Std* Dev. 
Flow Time
FISFS 
FCFS 
SIO 
DSLACK 
SSLACK
2 0 . 1 0
3 2 .5 7  
2 4 .5 5
3 1 .5 7  
3 2 .8 0
15 .07
2 6 .0 7  
3 3 .7 7  
2 5 .3 0  
2 6 .3 4
1 6 .9 3  
3 0 .3 3  
4 0 .1 6  
2 8 .1 8  
2 9 .6 8
Mean
L a te n e s s
FISFS 
FCFS 
SIO 
DSLACK 
S SLACK
18.73
1 9 .4 0
1 1 .6 0
13 .69
1 2 .9 9
5 .4 8
7 .7 7  
- 5 .5 6
4 .3 5
3 .7 7
1 3 .1 0
15 .55
- 2 .7 6
1 0 .8 5
1 0 .5 9
S t d .  Dev.  
L a ten ess
FISFS 
FCFS 
SIO 
DSLACK 
S SLACK
1 9 .7 2
2 2 .8 1
2 1 .9 7
1 2 .0 4
1 3 .1 0
1 4 .3 6
1 4 .3 1
3 3 .4 5
7 .8 0
8 .8 1
15.92
18 .29
4 0 .4 4
9 .4 8
1 0 .8 4
Mean
T a rd in e ss
FISFS
FCFS
SIO
DSLACK 
SSLACK
2 0 .4 8
2 0 .8 5
3 .3 8
14 .10
13.70
8 .8 7
9 .9 4
8 .4 0
6 . 1 2
6 . 0 2
14.59  
16 .39  
1 0 .8 0  
1 1 .1 6  
1 1 .3 0
TABLE 32 ( C o n t in u e d )
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P e r fo rm a n c e
M easure
S c h e d u l in g
R ule
S e r v i c e  Time D i s t r i b u t i o n 8
1 2  3
FISFS 1 5 .7 6 1 0 .12 1 2 .73
FCFS 1 9 .3 4 1 0 .56 15 .43
S t d .  Dev. 
T a r d i n e s s
SIO 10 .09 2 3 .0 0 3 0 .1 7
DSLACK 9 .6 4 4 .7 3 7 .1 8
SSLACK 1 0 .4 6 5 .5 1 8 .3 5
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In v en to ry  
by Content
3 0 0 . 0
2 5 0 .0 FCFS
2 0 0 . 0
SIO
1 5 0 .0
FISFS
1 0 0 . 0
S e r v i c e  Time 
D i s t r i b u t i o n0 . 0 E x p o n e n t ia l E r la n g Uniform
Figure 34. I n te r a c t io n  o f sch ed u lin g  r u le  and s e r v ic e  time d i s t r ib u t io n  for
transformed inventory  by c o n te n t .  R esu lts  presented  in
o r ig in a l  s c a le .
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Mean
Flow Time
6 0 . 0
•FCFS
•FISFS 
. DSLACK 
• SSLACK5 0 .0
4 0 .0
SIO
3 0 .0
2 0 . 0
S e r v ic e  Time 
D i s t r i b u t i o n0 . 0
E xp on en t ia l E r la n g U niform
Figure 35 . I n te r a c t io n  o f sch ed u lin g  r u le  and s e r v ic e  time d is t r ib u t io n
for  transformed mean flow tim e. R esu lts  presented In
o r ig in a l  s c a l e .
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S t d .  Dev.
Flow Time
4 0 . 0  r
SIO
3 5 .0
FCFS 
SSLACK3 0 .0
• DSLACK
2 5 .0
2 0 . 0
FISFS
S e r v i c e  Time 
D i s t r i b u t i o n1 5 .0
E x p o n e n t i a 1 E r  1 a ng Uniform
Figure 36. I n te r a c t io n  o f  scheduling  r u le  and s e r v ic e  time d is t r ib u t io n
for  transformed standard d e v ia t io n  flow tim e. R esu lts  p re ­
sented  in o r ig in a l  s c a le .
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Mean 
La t e n e s s
2 0 . 0
FCFS
FISFS
DSLACK
SSLACK1 0 . 0
0 . 0
SIO
S e r v i c e  Time 
Dis t r i b u t i o n
E x p o n e n t i a 1 U nifo rmE r la n g
Figure  37 .  I n t e r a c t i o n  o f  s c h e d u l in g  r u l e  and s e r v i c e  time d i s t r i b u ­
t i o n  f o r  transformed mean l a t e n e s s .  R e s u l t s  p r e se n ted  in
o r i g i n a l  s c a l e .
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S t d .  Dev. 
La t e n e s s
SIO4 0 .0
3 0 .0
2 0 . 0  -
FCFS
FISFS
S SLACK 
DSLACK
1 0 .0
S e r v i c e  Time 
D i s t r i b u t i o n0.0
E x p o n e n t i a l E r l a n g U nifo rm
Figure  38. I n t e r a c t i o n  o f  s c h e d u l in g  r u le  and s e r v i c e  time d i s t r i b u t i o n
f o r  transformed s tandard d e v i a t i o n  l a t e n e s s .  R e s u l t s
p resen ted  In o r i g i n a l  s c a l e .
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Mean
T a r d in e s s
2 5 .0
2 0 . 0
FCFS
1 5 .0
FISFS
S SLACK 
DSLACK 
SIO10 . 0
5 .0
S e r v i c e  Time 
D i s t r i b u t i o n
0.0 E x p o n e n t i a l U n ifo rmE r la n g
Fig u re  3 9 .  I n t e r a c t i o n  o f  s c h e d u l in g  r u l e  and s e r v i c e  time d i s t r i b u t i o n
f o r  transformed mean t a r d i n e s s .  R e s u l t s  p r e se n t e d  in
o r i g i n a l  s c a l e .
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S t d .  Dev. 
3 0 .0  T a r d in e s s SIO
2 5 .0
2 0 . 0
FCFS1 5 .0
FISFS
1 0 . 0
SSLACK 
DSLACK
S e r v ic e  Time 
D i s t r i b u t i o n
E x p o n e n t i a 1 E r la n g U n 1 f  o rm
Figure  4 0 .  I n t e r a c t i o n  o f  s c h e d u l in g  r u l e  and s e r v i c e  time d i s t r i b u t i o n
o f  transformed s tandard d e v i a t i o n  t a r d i n e s s .  R e s u l t s
p r e se n ted  in  o r i g i n a l  s c a l e .
APPENDIX N
RESULTS OF DUNCAN'S TESTS FOR BREAKDOWN 
EFFECTS ON INDIVIDUAL SCHEDULING RULES
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Machine U t i l i z a t i o n
Duncan
T e s t
s a Mean0 
V alues
Breakdown
D i s t r i b u t i o n
9 0 .36 None
r 90.07 E x p o n e n t ia l
? 89 .97 E r lan g
+ 1 ^ 89.88 Hyper-expon
D u n can 'sa 
T e s t
Meanb
V alues
Breakdown
D i s t r i b u t i o n
D u n can 'sa 
T e s t
Meanb 
V alues
Breakdown
D i s t r i b u t i o n
-- 67.22 E x p o n e n t ia l -- 125.75 Hyper-expon
67 .14 H yper-expon . 4 124.43 E x p o n e n t ia l
- -  + 63.46 E r la n g + 119.26 E r lan g
-- + 61.24 None -  + 116.03 None
Mean Flow Time Mean L a te n e s s Mean T a rd in e s s
Duncan
T e s t
s a Mean0
V alues
Breakdown
D i s t r i b u t i o n
D uncan 'sa 
T es t
Mean0
V alues
Breakdown
D i s t r i b u t i o n
Duncan
T es t
„as Mean0
V alues
Breakdown
D i s t r i b u t i o n
54.49 E x p o n e n t ia l
t
14.97 E x p o n e n t ia l 16.14 E x p o n e n t ia l
t  J
53 .48 H yper-expon. 1 13.96 H yper-expon. - 15.33 Hyper-expon
4- ■K 51.74 E r la n g + 12.22 E r lan g + 13.85 E r lan g
+ + 48 .12 None + 8 .6 0 None + 11.37 None
F ig u re  41. D uncan 's  new m u l t i p l e  range  t e s t  o f  th e  f i r s t  i n  th e  s y s t e m , f i r s t  se rv ed  sc h e d u l in g  r u l e  and 
breakdown d i s t r i b u t i o n  means f o r  t ra n s fo rm e d  perfo rm ance  m e asu re s ,
a Means connec ted  w ith  a s in g le  l i n e  a re  n o t  s t a t i s t i c a l l y  d i f f e r e n t  a t  th e  ,05  l e v e l .
Mean va lues  presented in o r ig in a l  s c a le  and decreasing rank order.
 Std. Dev. Flow Time______
Duncan's3 Meanb Breakdown
Test Values D is tr ib u t io n
 Std. Dev. Lateness_________
Duncan'sa Meanb Breakdown
Test Values D is tr ib u t io n
 S td .  Dev. T a rd in e s s
D u n can 'sa Meanb Breakdown 
T e s t  V alues  D i s t r i b u t i o n
18.11 H yper-expon
- 17 .74 E x p o n e n t ia l
+ 16.98 E r la n g
+ 15 .86 None
16.93 Hyper-expon
16.68 E x p o n e n t ia l
- 16.24 E r la n g
m m « 16.23 None
13,50 E x p o n e n t ia l
T ^ 13.40 Hyper-expon1 ♦ 12.47 E r la n g
+ + 11.49 None
F ig u r e  41 (C on tinued )
Machine U t i l i z a t i o n _______  In v e n to ry  by Count_________   In v e n to ry  by C onten t
Duncan'
T e s t
sa Meanb
V alues
Breakdown
D i s t r i b u t i o n
Duncan'
Tesc
s a Meanb
V alues
Breakdown
D i s t r i b u t i o n
Duncan' s a 
T e s t
Meanb 
V alues
Breakdown
D i s t r i b u t i o n
9 0 .38 None 67 .86 E x p o n o i t i a l
t
249.73 E x p o n e n t ia l
90.32 E x p o n e n t ia 1 ’* 67.75 H yper-expon . 1 248.52 Hyper-expon
-- 90 .28 E r lan g + 6 5 .24 E r la n g ■ + 240.13 E r lan g
. .  . 9 0 .13 H yper-expon. + 61.97 None + + 227.93 None
Mean Flow Time Mean L a te n e s s Mean T a rd in e s s
Duncan
T e s t
' s a Mean0
V alues
Breakdown
D i s t r i b u t i o n
Duncan
T e s t
's* Mean0
V alues
Breakdown
D i s t r i b u t i o n
D u n can 's8
T e s t
Mean0
V alues
Breakdown
D i s t r i b u t i o n
55.89 H yper-expon. 16.37 E x p o n e n t ia l 17.07 Hyper-expon
55.67 E x p o n e n t ia l 16 .15 H yper-expon . 16.93 E x p o n e n t ia l
54 .02 E r la n g 14 .50 E r la n g + 15.34 E r la n g
t- 4 9 .4 4 None (- 9 .9 3 None + 11.70 None
F ig u re  4 2 ,  D uncan 's  new m u l t i p l e  ran g e  t e s t  o f  th e  f i r s t  come, f i r s t  s e rv ed  s c h e d u l in g  r u l e  and breakdown 
d i s t r i b u t i o n  means f o r  t ra n s fo rm e d  p e rfo rm ance  m e a s u re s .
Means co n n ec ted  w i th  a s i n g l e  l i n e  a re  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  th e  .05 l e v e l .
^Mean values presented in o r ig in a l  s c a le  and decreasing rank order.
_______ Std . Dev. Flow Time_____
Duncan's3 Meant* Breakdown
Test Values D is tr ib u t io n
______ Std.  Dev. Lateness_________
D u n c a n ' M e a n b  Breakdown
Test Values D istr ib u tIon
________S td .  Dev. T a rd in e s s ______
D u n can 'sa Mean^ Breakdown
T e s t  V alues  D i s t r i b u t i o n
30.79 H yper-expon. 19.41 H yper-expon . 16.12 H yper-expon.
30 .69 E x p o n e n t ia l 18.93 E x p o n e n t ia l 16.03 E x p o n e n t ia l
"  H 29 .48 E r la n g 17.97 E r la n g 14.70 E r la n g
+ + 26 .98 None - * 16.41 None + + 12.31 None
F ig u r e  42 (C o n tin u e d )
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________ Machine U t i l i z a t i o n
Duncan' Mean® Breakdown 
T es t  V alues D i s t r i b u t i o n
90.58  None
90 .35  E x p o n e n t ia l
90 .32  H yper-expon.
"  + + 9 0 .3 0  E r la n g
________Mean Flow Time____________
Duncan' s* Mean0 Breakdown
T es t  V alues D i s t r i b u t i o n
34 .16  E x p o n e n t ia l
34 .05  H yper-expon.
4- 32 .85  E r lan g
+ + 30 .39  None
In v e n to ry  by Count
Duncan s 
T e s t
Mean0 
Values
Breakdown
D i s t r i b u t i o n
+ 42.07 E x p o n e n t ia l
+ 41 .58 Hyper-expon
-• + 40 .62 E r la n g
+ + 38.95 None
Mean L a te n e s s
Duncan’ s®
T e s t
Mean0
V alues
Breakdown
D i s t r i b u t i o n
-5 .3 6 E x p o n e n t ia l
In v e n to ry  by C onten t
Duncan
T e s t
's® Mean0
Values
Breakdown
D i s t r i b u t i o n
I 1
156.56
155.60
151.50
E x p o n e n tia l
Hyper-expon
E r la n g
+ + 145.55 None
Mean T a rd in e s s
Duncan
T est
' s a Mean0
V alues
Breakdown
D i s t r i b u t i o n
7 .54 E x p o n en t ia l
+ 7 .50 Hyper-expon
-- H 6.69 E r la n g
+ + 5 .49 None
- 5 .4 3  Hyper- expon . 
-6 .6 3  E r la n g  
+ + -9 .1 2  None
F ig u re  43. D uncan 's  new m u l t ip l e  range  o f  the  s h o r t e s t  imminent o p e r a t i o n  s c h e d u l in g  r u l e  and breakdown 
d i s t r i b u t i o n  means f o r  t ran fo rm ed  perfo rm ance  m easu re .
®Means connec ted  w ith  a s i n g l e  l i n e  a r e  n o t  s t a t i s t i c a l l y  d i f f e r e n t  a t  the  ,05 l e v e l .
^Mean values presented in o r ig in a l  s c a le  and decreasing rank order.
S t d .  Dev. Flow Time________   S td .  Dev. L a te n e s s ________   S td .  Dev. T a rd in e s s
Duncan'
T e s t
s Mean
V alues
Breakdown
D i s t r i b u t i o n
Duncan
T e s t
3 Mean 
V alues
Breakdown
D i s t r i b u t i o n
D uncan 's  
T e s t
Mean 
V alues
Breakdown
D i s t r i b u t i o n
33.12 H yper-expon. 32 .43 E x p o n e n t ia l -- 21.27 Hyper-expon
-- 33 .05 E x p o n e n t ia l 1. 3 2 .31 H yper-expon . 2 1 .1 4 E x p o n e n t ia l
-- ■ 31 .48 E r la n g 30 .68 E r la n g + 19.19 E r lan g
+ + 28.77 None 4~ 28 .64 None + 16.25 None
Figure 43 (Continued)
Machine U t i l i z a t i o n  
Duncan’ Me a n ® B r e a k d o w n  
T e s t  V alues  D i s t r i b u t i o n
______ Inventory by Count_________
Duncan sa Mean® Breakdown
Test Values D is tr ib u tio n
_______ Inventory by Content
Duncan's3 Mean6 Breakdown
Test Values D is tr ib u tio n
9 0 .3 0 None 4 63.59 E x p o n e n t ia 1 138.86 E x p o n e n t ia l
89 .88 E x p o n e n t ia l + 6 3 .09 H yper-expon .
r J
138.73 Hyper-expon
89 .74 E r lan g + + 60.01 E r la n g - i  + 133.60 E r lan g
. .  . 89 .73 H yper-expon. + H 5 7 .98 None ' + + 132.40 None
Mean Flow Time Mean L a te n e s s Mean T a rd in e s s
Duncan sa Mean0 Breakdown Duncan s a Mean0 Breakdown D u n can 'sa Mean0 Breakdown
T e s t V alues D i s t r i b u t i o n T e s t V alues D i s t r i b u t i o n T e s t Values D i s t r i b u t i o n
51 .38 E x p o n e n t ia l 11 ,86 E x p o n e n t ia 1 11.75 E x p o n e n t ia l
50 .97 H yper-expon . 11.45 H yper-expon . 11.46 Hyper-expon
f 4 8 .6 4 E r lan g + 9.32 E r la n g t- 9 .4 9 E r la n g
f 45 .42 None + 5 .9 0 None t 6 .6 6 None
F ig u re 4 4 . Duncan' s new m u l t i p l e ran g e  t e s t o f th e  dynamic s l a c k  s c h e d u l in g  r u l e  and breakdown d i s t r i b u t i o n
means fo r  t ra n s fo rm e d  perfo rm ance  m e asu re s .
£
Means c o n n ec ted  w i th  a s i n g l e  l i n e  a re  n o t  s t a t i s t i c a l l y  d i f f e r e n t  a t  th e  .05 l e v e l .
Mean values presented in o r ig in a l  sca le  and decreasing rank order.
S td .  Dev. Flow Time_______  S t d .  Dev. L a te n e s s _________   S td .  Dev. T a rd in e s s
Duncan
T e s t
s a Mean*3
V alues
Breakdown
D i s t r i b u t i o n
Duncan
T e s t
s a Meanb
V alues
Breakdown
D i s t r i b u t i o n
D uncan 'sa  
T e s t
Meanb
Values
Breakdown
D i s t r i b u t i o n
28 .88 E x p o n e n t ia l 10 .54 H yper-expon . -■ 7 .94 Hyper-expon
-• 28 .87 H yper-expon, -- 10.32 E x p o n e n t ia l -■ 7.93 E x p o n e n t ia l
-- 4- -i 27 .96 E r la n g -- 4- 9 .4 6 E r la n g + 6.87 E r la n g
* + + 26.87 None -- + + 8 .32 None + 5 .3 5 None
Figure 44 (Continued)
. l i z a t io n Inventory by Count
Demean' s a Mean® Breakdown Duncan s a Mean15 Breakdown D u n can 'sa Mean6 Breakdown
T e s t V alues D i s t r i b u t i o n T e s t V alues D i s t r i b u t i o n T e s t V alues D i s t r i b u t i o n
90.36 None 63.11 E x p o n e n t ia l 134.12 E x p o n e n tia l
9 0 .0 0 E x p o n e n t ia l 62 ,28 H yper-expon . 133.44 H yper-expon.
-- 8 9 .8 9 E r lan g + + 60.47 E r la n g 130.22 E r la n g
89 .74 H yper-expon. +  + 56 .94 None ■ + 129.99 None
Mean Flow Time Mean L a te n e s s Mean T a rd in e s s
Duncan *sa Mean® Breakdown Duncan Mean® Breakdown Duncan* s a Mean® Breakdown
T e s t V alues D i s t r i b u t i o n T es t V alues D i s t r i b u t i o n T e s t V alues D i s t r i b u t i o n
51.19 E x p o n e n t ia l 11.67 E x p o n e n t ia l + 12.00 E x p o n e n t ia l
4 9 .8 8 H yper-expon.
t  '
10.35 H yper-expon . 10.82 H yper-expon.
f 4 8 .8 6 E r la n g 1f 9 .3 6 E r la n g 9 .9 8 E r la n g
f f 4 4 .6 0 None + f 5 .08 None 6 .53 None
F ig u r e  45 . Duncan’ s new m u l t ip l e  ran g e  t e s t  o f  th e  s t a t i c  s l a c k  s c h e d u l in g  r u l e  and breakdown d i s t r i b u t i o n  
means f o r  t ran fo rm ed  p e rfo rm ance  m easu re s .
aMeans co n n ec ted  w i th  a s i n g l e  l i n e  a r e  n o t  s t a t i s t i c a l l y  d i f f e r e n t  a t  th e  .05 l e v e l .
^Mean values presented in o r ig in a l  s c a le  and decreasing rank order.
Duncan
T e s t
s a Mean
V alues
Breakdown
D i s t r i b u t i o n
30 .28 Hyper-expon
-• 2 9 .8 4 E x p o n e n t ia l
.. . 2 9 .4 9 E r la n g
+ + 2 7 .9 6 Hone
Duncan s 
T e s t
S td .  Dev. L a te n e s s
1 M a i n ^  R r o a l
il:
eanw Breakdown 
V a lues  D i s t r i b u t i o n
D u n can 's8
T e s t
S td .  Dev. T a rd in e s s  
FMeanu Breakdown 
V alues D i s t r i b u t i o n
11.72 E x p o n e n t ia l 9 .11 Hyper-expon
11.27 H yper-expon . 8 .55 E x p o n e n t ia l
10 .79 E r la n g ■ + 8 .13 E r lan g
9 .4 5 None + + 6 .08 None
Figure 45 (Continued)
APPENDIX 0 
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TABLE 33
RESULTS OF DATA FROM EXPERIMENTS
T rea tm en t
P e rfo rm ance  
Mea su re S t a t i s t i c 1111 1112 1113 1114 1121 1122 1123 1124 1131 1132
Machine
U t i l i z a t i o n
Mean
V arian ce
87 .37
18.71
97 .79
18.66
8 7 .5 0
17 .66
8 8 .0 0
24 .46
89 .67
11.65
89 .84
15.44
80,07
12 .46
90.25
17.07
90.13
13.25
90.05
12.01
In v e n to ry  
by Count
j
Mean
V arian ce
71.73
228 .80
71.64
269 .76
70.95
274.13
70.04
213.79
53.79
171.69
54.89
235.81
52.02
245.04
49 .85
220.78
61.70
263.63
65.85
324.67
In v e n to ry  
by C on ten t
Mean
V ar ia n ce
142.05
618.47
141.15
760.57
137.90
669 .80
137.03
605 .98
103.09
277 .86
106.48
418 .5 6
100,27
328.60
97.29
357 .40
118.52
579.09
119.83
630.16
Mean
Flow Time
Mean
V arian ce
55 .54
151.10
56.71
163.33
55.69
170.43
51 .54
130.23
4 3 .8 8
94.01
44 .93
137.56
4 2 .5 8
132.89
39.27
112.41
50 .48
154.19
54.22
179.33
S td .  Dev. 
Flow Time
Mean
V arian ce
21 .44
2 1 .1 6
20.85
18.21
20.08  
1 .38
18.99
11.78
15.15
5 .93
15.66
9 .35
14.43
7 .76
13.61
6.73
17,77
17.16
17.94
17.24
Mean
L a te n e s s
Mean
V ar ia n ce
16.62
153.30
17.79
169.76
16.77
181.22
12.62
140.60
4 .1 4
8 9 .7 4
5 .2 0
127.04
2 .84
127.16
-0 .4 7
108.86
10.58
149.06
14.32
163.43
S td .  Dev. 
L a te n e s s
Mean
V ar ia n ce
20.29
10.58
20 .26
9.61
19.66
9 .56
19.55
7.94
14.31
33.07
14.47
4 .19
14.12
3 .55
14.43
3 .56
15.99
5 ,65
16.41
4 .9 7
Mean
T a rd in e s s
Mean
V ariance
20 .06
89 .37
21.01
108.72
20.29
114.25
16.82
76.81
8 .93
33 .07
10.10
4 9 .9 4
8 .57
4 2 .2 4
6 .76
26.73
14.09
81.15
17.11
99.19
S td .  Dev. 
T a rd in e s s
Mean
V arian ce
15 .96
2 0 .7 8
16.00
19.47
14 .96
17.53
14.22
18.04
10.06
15 .06
10.14
18.32
9 .28
20.59
8 .59
18.61
12.24
21 .74
13.37
19.98 181
TABLE 33 (Continued)
T rea tm en t
P e rfo rm ance
Measure S t a t i s t i c 1133 1134 1211 1212 1213 1214 1221 1222 1223 1224
Machine
U t i l i z a t i o n
Mean
V aria n ce
9 0 .14
12.95
90.18
13.59
8 8 .93
17 .20
8 8 .8 8
21.11
88.71
19.89
89.41
11.46
9 0 .8 0
8 .17
91.37
7 .84
90 .64
8 .8 6
9 1 .50
8 .1 0
I n v e n to ry  
by Count
Mean
V aria n ce
60 .84
242.76
59.05
287.68
8 0 .0 8
90 .69
77.68
9 9 .67
75.44
102.13
74.33
100.86
58.22
63.11
6 2 .40
107,16
56.43
119.93
52 .06
95.09
In v e n to ry  
by C o n ten t
Mean
V arian ce
113.01
426 .80
112.49
586.33
151.10
465 .85
148.08
587.54
144.25
425 .38
143.08
409 .98
112.00
284.19
118.45
318.59
107.45
225.84
101.00
151.08
Mean
Flow Time
Mean
V arian ce
4 9 .4 4  
143.14
47 .02
138.11
60.93
76.23
5 9 .3 0
77 .79
58 .50
72.53
55 .36
64.75
4 5 .5 6
33.27
4 9 .95
34.54
4 5 .8 6
3 1 .3 4
41 .01
21 .68
S td .  Dev. 
Flow Time
Mean
V arian ce
16.66
9 .46
16.02
11.83
21.71
11.15
2 1 .6 0
16.67
20 .76
13.64
19.71
12.44
16.85
17.58
17.87
11.52
15 .66
6 .27
14.38
5 .08
Mean
L a te n e s s
Mean
V arian ce
9 .54
133.96
7.12
128 .14
22.01
74 .81
20.38
78 .40
19.58
74 .92
16.44
65 .58
5.82
34 .55
10.22
38 .88
6 .12
33.87
1.27
22 .34
S td .  Dev. 
L a te n e s s
Mean
V arian ce
15.40
3 .6 0
15.76
4 .4 9
20 .25
8 .6 6
20.32
11.76
19.64
10 .50
19 .40
9 .68
14.98
7 .88
14.92
4 .2 4
14.23
3 .4 0
14.22
3 .35
Mean
T a rd in e s s
Mean
V arian ce
13.17
68.34
11 .56
58.87
23 .96
52 .59
22.71
53.35
21.77
52.21
19.15
43 .15
9.51
18.88
12. 6 
23 .74
9 .40
17.77
6 .58
8 .6 9
S td .  Dev. 
T a rd in e s s
Mean
V ar ia n ce
11.62
18.91
11.41
20.82
17.29
10 .20
16.77
14.73
16.38
11.51
15.46
10.36
11.19
11.48
12.54
7 .72
19.87
7.55
9 .34
6.61
TABLE 33 (Continued)
T rea tm en t
r e r  ro m a n c e  
M easure S t a t i s t i c 1231 1232 1233 1234 1311 1312 1313 1314 1321 1322
Machine
U t i l i z a t i o n
Mean
V arian ce
90.95
5.75
91.07
10.41
91.02
6 .58
91 .06
10 .21
89.29
11.71
89.22
18.16
89.33
17 .12
89 .65
15.69
91 .30
9 .99
91.21
14 .66
In v e n to ry  
by Count
Mean
V a r ia n ce
70.22
139.55
67.77
128.59
64.91
147.85
62.22
161.66
82.52
8 8 .1 0
76.92
119.69
76.54
130.43
74.38
131.97
61.88
116.90
61.46
139.41
I n v e n to ry  
by C o n te n t
Mean
V arian ce
129.77
525.89
122.08
349 .01
119.48
367.11
113.68
302 .01
155.05
538 .66
146.49
538.81
147.80
505 .50
143.89
453 .19
116.03
313.25
113.26
307.01
Mean
Flow Time
Mean
V arian ce
55.53
7 2 .60
54.55
4 7 .4 9
52 .58
4 8 .8 0
48 .87
4 8 .6 3
63.05
73 .33
59.55
6 6 ,30
5 9 .69
7 6 .50
5 5 .98
64.72
4 9 .7 6
29.02
50.03
22 .22
S td .  Dev. 
Flow Time
Mean
V arian ce
19.71
18.17
17.95
9 .6 2
17.31
12 .03
16 .46
8 .5 4
22 .84
2 5 .59
21 .23
14.17
2 1 .4 4
1 3 .36
20.01
12.67
17.81
10.44
16.40
8 .62
Mean
L a te n e s s
Mean
V arian ce
15.64
7 4 .10
14.65
45.77
12.68
51 .26
8 .9 8
51 .80
24.13
66.08
20.63
61.94
20.77
72 .40
17.06
60.08
10.02
27.89
10.30
20.79
S td .  Dev. 
L a te n e s s
Mean
V arian ce
16 .90
7 .8 2
16.01
4 .4 9
15.71
4 .0 9
15.59
3 .6 5
20.75
1 3 .34
19.63
7.42
2 0 .0 0
11.32
19.69
8 .75
15.09
5.42
14.62
4 ,1 9
Mean
T a rd in e s s
Mean
V arian ce
17.46
0 .13
16.31
32 .04
14.70
32 .13
1 2 .00
27.61
25 .78
53.22
22 .54
49.02
2 2 .7 0
5 8 .4 0
19.61
45.57
12.17
18.37
12.16
15.33
S td .  Dev. 
T a rd in e s s
Mean
V arian ce
14.64
14.95
13.85
7 .09
13.24
9 .57
12.17
10 .36
18.12
12.17
16.61
9 .40
16.93
11.61
15.91
10.06
12.59
8 .19
12.39
5 .03
TABLE 33 (Continued)
T rea tm en t
P erfo rm ance
Measure S t a t i s t i c 1323 1324 1331 1332 1333 1334 2111 2112 2113 2114
Machine
U t i l i z a t i o n
Mean
V ar ia n ce
9 1 .16
14.28
91.62
8 .82
90 .59
12.42
91.22
10.42
9 1 .19
10.87
91.56
9.41
8 7 .74
28.41
87 .83
21.81
87.87
25.43
88 .44
17.78
In v e n to ry  
by Count
Mean
V a r ia n ce
57.29
144.43
54.03
106.03
71.85
113.23
74.47
251.81
65.68
204.83
64.14
192.73
75.05
394 .20
74.03
321.59
71.76
303.28
70.32
280.78
In v e n to ry  
by C on ten t
Mean
V aria n ce
107.96
262.32
103.53
137.97
129.04
438.32
127.57
480 .06
119.23
434 .43
116.33
339 .86
277.28
5297.65
272.22
4313.03
264 .96
4129 .14
260.89
4411.52
Mean
Flow Time
Mean
V aria n ce
4 7 .0 8
26.32
4 2 .7 4
20 .14
56.58
55 .16
61 .14
70.85
54 .26
48 .63
51.27
40.21
59.83
238 .20
56.92
218.16
55 .66
207.09
51.27
174.12
S td .  Dev. 
Flow Time
Mean
V arian ce
16.12
7.27
14.24
4 .57
19.50
16.38
18.57
14.14
18.12
11.22
16.64
8 .78
35.22
66.72
33.34
50.48
32.33
57,49
29 .78
44.55
Mean
L a te n e s s
Mean
V ar ia n ce
7 .34
2 5 .23
3 .00
2 0 .81
16.69
55 .54
2 1 .2 4
8 0 .4 4
14.36
51.56
11.38
42 .49
20.91
224.32
18.00
202.86
16.74
190.94
12.35
161.24
S td .  Dev. 
L a te n e s s
Mean
V arian ce
14.47
5.31
14.23
3.92
17.17
7,85
16.30
5 .03
15.84
4 .7 0
15.88
4 .21
25.52
4 7 .53
23.39
36.36
22,58
3 5 .80
21 .30
25.72
Mean
T a rd in e s s
Mean
V ar ia n ce
10.11
15.00
7 .48
10.34
18.27
4 1 .4 7
2 2 .0 6
60.85
16 .00
36.07
13 .70
26 .90
23 .90
161.93
21 .20
138.31
20.13
126.80
16.52
94.47
S t d . Dev. 
T a rd in e s s
Mean
V arian ce
11.51
7 .56
9 .88
6 .3 0
15.07
12.21
15.05
7 .6 6
13.73
8 .47
13.05
8 .13
22.07
72.32
19.90
55.54
18.77
58.15
16.67
4 8 .9 0
TABLE 33 (Continued)
T rea tm en t
re r ro rm a n c e
Measure S t a t i s t i c 2121 2122 2123 2124 2131 2132 2133 2134 2211 2212
Machine
U t i l i z a t i o n
Mean
V arian ce
90 .28
16.90
89.81
12.42
90 .34
16.40
90.31
20 .13
87 .97
9 .72
90 .04
12.63
90.24
15.63
90.44
18.71
89.71
18.36
89 .70
16.91
In v e n to ry  
by Count
Mean
V arian ce
55.21
266 .34
57.76
356.82
54 .55
319.92
52.47
314,87
67.87
445 .25
66.52
368.31
62.26
389.89
59.21
372.89
75.55
95.17
75.95
112.12
In v e n to ry  
by C o n ten t
Mean
V arian ce
208.03
3981.24
218.74
5524.24
207.45
4947.38
200 .55
5346.45
256.85
7154.59
250.69
5608.65
236.62
6102.38
255.33
6596.34
280.22
1825.28
281.83
2057.52
Mean
Flow Time
Mean
V arian ce
44 .51
169.96
47 .64
206.48
4 5 .0 3
183.80
4 1 .7 4
163.65
56.05
275.81
54.68
232.92
51.47
227.41
47.25
201.96
58.68
89 .23
59.16
107.47
S td .  Dev. 
Flow Time
Mean
V arian ce
25 .94
50 .07
27 .31
54.76
25.56
46 .66
23.68
42 .81
32.63
94 .36
31 .68
76.97
29.49
56.65
27 .07
59.01
33.82
21.70
34.16
19.82
Mean
L a te n e s s
Mean
V arian ce
4 .7 7
139.01
7 .90
169.08
5 .29
148.98
2 .0 0
131.44
16.15
232.73
14.78
191.53
11.57
183.09
7 .35  
161.73
19.76
59 .00
20 .24
76.27
S td .  Dev. 
L a te n e s s
Mean
V arian ce
14.78
16.30
15.30
17.74
13.96
11.83
12.88
7 .46
2 0 .15
52.52
19.22
4 0 .2 5
17.77
22.72
16.16
17.16
23 .06
20 .10
23 .34
15.98
Mean
T a rd in e s s
Mean
V a r ia n ce
9 .63
59 ,64
11.98
84 .46
9 .9 0
62.59
7 .6 4
42 .12
18.81
166.31
17.42
128.89
15.06
104.46
11.74
76.09
21.81
4 9 .9 6
22 .26
64.21
S td .  Dev. 
T a rd in e s s
Mean
V arian ce
10.48
42 .48
11.72
46 .32
10.11
38 .56
8 .42
30.72
17.34
8 6 .05
16.61
68.75
14.55
51.05
12.08
49 .53
20.35
20.17
2 0 .7 0
19.79
TABLE 33 (Continued)
T rea tm en t
P erfo rm ance
Measure S t a t i s t i c 2213 2214 2221 2222 2223 2224 2231 2232 2233 2234
Machine
U t i l i z a t i o n
Mean
V a r ia n ce
89 .46
16.75
8 9 .70
16.49
90.55
12.97
91 .04
18.42
90 .78
17.39
91.13
10.33
91 .11
13.54
91.44
13.65
91.39
14.78
90.99
11.04
In v e n to ry  
by Count
Mean
V a r ia n ce
76.79
91.75
72.78
108.45
59 .34
149.14
6 2 .4 6
189.39
5 5 .37
143.92
5 3 .90
149.38
70.43
218.31
69.11
146.19
67.71
232.31
63.15
174.87
I n v e n to ry  
by C on ten t
Mean
V a r ia n ce
285.47
1811.45
271.29
2155 .10
225 .00
2438.14
237 .33
3258 .28
210.35
2337.03
203.98
2341.48
264.03
3449.00
259.45
2541.38
256 .40
3779.34
238.69
2855.07
Mean
Flow Time
Mean
V arian ce
59 .65
96.53
54.34
84 .05
4 9 .37
48 .03
5 1 .4 8
78.49
46 .03
4 5 .6 8
4 3 .5 8
45 .92
57 .56
104.91
55.92
72.24
56,49
83.94
50 .50
59.61
S td .  Dev. 
Flow Time
Mean
V a r ia n ce
34.51
18.81
31 .23
20 .44
29 .03
16.06
29 .53
20 .61
2 6 .4 0
9 .63
2 5 .0 0
9.99
33 .46
4 4 .8 6
31.82
19.59
32.38
22.29
29 .16
15.90
Mean
L a te n e s s
Mean
V a r ia n ce
20 .73
64.23
15.42
55.42
9 .6 4
23 .30
11 .74
4 4 .2 3
6 .2 9
2 1 .8 6
3 .84
20.53
17,66
80 .48
16,02
43 .41
16.60
54 .35
10.60
32.47
S td .  Dev, 
L a te n e s s
Mean
V arian ce
23.51
20.07
21.37
21 .08
16.02
14.69
15.84
12.02
13.36
6 .9 8
12.73
5.03
20 .23
37 .60
18.32
12.58
18.73
14.53
16.49
10.84
Mean
T a rd in e s s
Mean
V arian ce
22 .68
53.51
18.06
46 .17
11,91
18.27
13.48
34 .11
8 .85
14.67
7.16
11.24
19.21
67.24
17.38
36 .44
17.95
45 .05
12.76
24.02
S td .  Dev. 
T a rd in e s s
Mean
V a r ia n ce
20 .88
2 1 .76
18.02
21 .06
13.43
17.31
13 .80
16 .74
10.62
7 .86
9 .34
7 .40
18.38
44.47
16.59
15.82
17.08
18.55
14.04
14.57
TABLE 33 (Continued)
Trea tment
r e r io n H in c e
Measure S t a t i s t i c 2311 2312 2313 2314 2321 2322 2323 2324 2331 2332
Machine
U t i l i z a t i o n
Mean
V arian ce
89.89
11.33
89.82
17.41
8 9 .7 6
16.38
8 9 .6 6
17.37
90 .75
21 .98
9 .23 
21 .71
91.47
2 1 .2 0
91.41
12.44
91.11
17.90
91.60
14,78
In v e n to ry  
by Count
Mean
V aria n ce
81.88
150,77
78.13
163-93
78.51
151,82
74 .99
136.72
61.31
222.43
63.37
216.51
59.45
223 .66
55.77
185.65
73.82
337.91
72,93
280.98
In v e n to ry  
by C o n ten t
Mean
V arian ce
304.35
2460.28
291.04
2471.34
292 .64
2627.76
278.17
2385 .79
230.89
3428.41
239 .89
3334 .00
224.82
3237.76
211.76
2873.17
276.29
5420.48
275.16
4402.17
Mean
Flow Time
Mean
V ar ia n ce
63.95
102.21
61.51
119.28
61.72
91,35
57.13
88 .07
51 .44
70.00
53.19
53.93
50.31
52.48
45 .75
4 7 .5 0
61.64
104.89
60.54
74.57
S td .  Dev. 
Flow Time
Mean
V arian ce
36.83
19.67
35 .56
26 .95
35.02
20.69
32 .43
19.43
2 9 .8 6
18.20
30 .90
16.14
28 .46
9 .41
26.11
8 .91
3 5 .7 0
35.33
34.23
17,47
Mean
L a te n e s s
Mean
V arian ce
25.03
63,07
22 .59
81 .95
2 2 .8 0
55.49
18.21
55.13
11.70
35.63
13.45
23.55
10.58
23.53
6 .02
19.60
21.75
73.51
20 .64
41.31
S td .  Dev. 
L a te n e s s
Mean
V ar ia n ce
25.37
19.64
24.73
29.91
24.07
21 .54
2 2 .3 0
17.80
16.68
16.44
17.25
20.64
14.74
7 .10
13.34
5 .63
21 .84
28.55
20.13
11.88
Mean
T a rd in e s s
Mean
V arian ce
26 .64
56.47
24 .44
73 .54
24 .46
50 .25
2 0 .4 0
43 .23
13.68
27 .99
15.05
20.15
12.26
18.43
8.69
11.89
22 .94
63.89
21 .63
36,61
S td .  Dev, 
T a rd in e s s
Mean
V arian ce
23.12
21 .76
22.22
30.99
21 .69
21.81
19.34
19.12
14.45
16.58
15.43
17.10
12.75
7 .80
10,46
7.33
20.37
31.69
18.84
12,97
TABLE 33 (Continued)
T rea tm en t
P erfo rm ance
Measure S t a t i s t i c 2333 2334 3111 3112 3113 3114 3121 3122 3123 3124
Machine
U t i l i z a t i o n
Mean
V arian ce
91.52
18.06
9 1 .34
14.61
8 8 .44
35.61
88 .75
31 .34
8 8 .4 0
29 .33
89 .25
25 .88
89 .98
23.77
90.03
20 .16
90 .04
23.92
90.28
19.77
In v e n to ry  
by Count
Mean
V ariance
71.76
274.91
65.47
245.83
35 .83
62 .26
36.05
51.31
3 4 .9 0
56.82
35.01
54 .66
43.52
179.00
42 .66
173.80
41 .39
168.31
38.91
140.44
In v e n to ry  
by C o n ten t
Mean
V ariance
271.09
4238 .79
246.83
3803 .00
137.91
915.77
136.72
689.26
130.12
726.23
130 .90
722.77
166.28
2741.19
165.27
2783.86
158.44
2602.88
147.21
2188.65
Mean
Flow Time
Mean
V ariance
59.81
73 .05
52.42
65.38
27.17
56.11
27 .56
62.47
26 .18
54.47
25.63
6 6 .4 0
3 3 .6 0
151.56
33.03
123.58
3 2 .7 0
154.30
30.15
129.46
S t d . Dev. 
Flow Time
Mean
V ariance
34 .48
18.69
30.62
16.43
28 .56
190.21
28 .92
189.35
28 .15
226 .44
27.37
238.53
4 1 .9 5
510.53
38.77
344.82
39.41
506.37
36 .44
464.14
Mean
L a te n e s s
Mean
V ariance
19.91
43 .31
13.53
35 .34
-1 1 .7 6
4 0 .9 8
-1 1 .3 6
44 .78
-1 2 .7 4
40 .23
-1 3 .7 9
49 .22
-6 .1 4
122.35
-6 .7 0
98.31
-7 .0 4
118.03
-9 .5 8
1.0483
S td .  Dev. 
L a te n e s s
Mean
V arian ce
20 .55
12.73
17.53
10.52
23 .54
144.33
23.82
107.44
23 .98
154.48
23.61
154.09
37.69
479.33
34.17
307.16
35.51
471 .00
33.02
415.82
Mean
T a rd in e s s
Mean
V ariance
21.01
37.49
15.22
28.17
3 .95
19 .70
4 .2 3
20 .98
3 .66
19,59
3 .6 6
21 .61
9 .60
91.24
8.67
54.73
8 .6 8
77.25
7.48
62.16
S td .  Dev. 
T a rd in e s s
Mean
V ariance
19.12
15.09
15.47
13.92
13 .94
197.17
14.23
155.83
14.22
217.47
13.58
216.29
30 .06
559.69
26.34
382.01
27.68
556.52
24 .36
510.46
TABLE 33 (Continued)
T rea tm en t
P e rfo rm ance
Measure S t a t i s t i c 3131 3132 3133 3134 3211 3212 3213 3214 3221 3222
Machine
U t i l i z a t i o n
Mean
V arian ce
90,11
19.35
9 0 .10
16.63
90.35
2 3 .22
90.62
21 .65
89.73
13.52
98.87
10.57
89.65
17.56
90.18
11,34
90.99
13.20
91 .04
23 .10
I n v e n to ry  
by Count
Mean
V ariance
4 5 .25
237.63
4 7 .3 8
2 61 ,44
4 3 .67
224 .26
40 .79
160,05
35.92
23 .13
35.52
23 .51
36.07
25.42
34 .88
17.69
41 .38
78.87
42.52
94.99
I n v e n to ry  
by C o n ten t
Mean
V arian ce
172.05
3325.83
182.63
3868.92
169.11
3607.62
154.76
2510.39
134.12
314.38
135.12
428 .86
136.93
424 .73
133.22
227.64
16.70
1403.22
161.69
1446.89
Mean
Flow Time
Mean
V arian ce
37.81
345.23
3 8 .1 8
324.71
3 4 .39
156.95
3 1 .08
169.77
28.12
4 5 .8 1
27 .74
46 .54
2 7 . n0 
44 .27
25.52
33.15
34 .34
71.53
3 5 ,5 4
127.20
S td .  Dev, 
Flow Time
Mean
V arian ce
54 .64
1780.32
5 6 .66
1541.45
4 4 .7 6
520.28
39 .04
574 .90
29 .92
124.28
28.87
133.00
28 .90
122.54
26 .05
77 .80
40 .95
232.93
4 3 .06
515.36
Mean
L a te n e s s
Mean
V arian ce
-2 .0 0
280 .06
-1 ,6 3
261 .13
-5 .4 3
116.64
-8 .8 2
130.36
-1 0 .8 0
20 .58
-1 1 .1 8
22.12
-1 1 .1 2
20.85
-1 3 .4 0
11,75
-5 .3 3
42 .64
-5 .1 9
82 .40
S td ,  Dev, 
L a te n e s s
Mean
V ariance
50.57
1793.95
52 .05
1556.97
39 .86
506.13
3 5 .7 4
535.68
24 .06
85 .76
23.31
98.31
23 .67
94.52
21.53
54.75
35.38
231.13
38.22
524.47
Mean
T a rd in e s s
Mean
V arian ce
13.43
223.97
13.71
209 .05
10 .08
82 .15
8 .2 5
86.21
4 .2 7  
1 ' 18
4 .0 0
15.62
4 .0 6
14.64
2 .89
7.22
9.31
31.87
9 .5 0
68.35
S td ,  Dev, 
T a rd in e s s
Mean
V ariance
4 3 .0 3
1946.07
44 .72
1707.87
3 2 .3 4
586.22
27 .09
641.15
15.34
116.74
14.13
140.79
14.66
130.93
11.94
87.24
28.12
259.55
31.28
579 .30
TABLE 33 (Continued)
T rea tm en t
P e rfo rm ance
Measure S t a t i s t i c 3223 3224 3231 3232 3233 3234 3311 3312 3313 3314
Machine
U t i l i z a t i o n
Mean
V arian ce
90.98
15.20
90 .93
12.81
91.25
16.10
9 1 .0 8
17.28
90 .94
18.48
91.51
15.02
89.72
18.09
89.78
18.81
89.65
18.28
8 9 .7 0
13.76
In v e n to ry  
by Count
Mean
V a r ia n ce
4 2 .2 9
83 .34
4 0 .43
76.08
46 .39
94.92
4 9 .7 9
132.43
4 6 .4 4
126.85
44 .13
130.12
37.34
33.39
3 6 .5 0
47 .35
36 .63
4 0 .5 0
3 5 .5 4
29.37
In v e n to ry  
by C o n ten t
Mean
V arian ce
160.59
1283.29
154.31
1270.50
177.70
1368.11
187.16
2075.62
177.82
1798.62
169.63
2117.17
143.34
571.95
138.86
724.47
141.33
661.23
137.21
500.63
Mean
Flow Time
Mean
V arian ce
3 3 .84
79.93
31.47
98 .84
3 6 .0 6
77.47
4 0 .5 0
153.52
37.51
107.21
34 .68
108.87
29.03
42 .23
28 .46
48,22
28.75
49 .97
26 .06
44 .53
S td ,  Dev, 
Flow Time
Mean
V arian ce
4 2 .2 0
309.28
39 .54
334 .49
4 8 .5 7
426 .70
6 0 .6 6
698.35
52 .35
526 .47
4 9 .6 0
431 .43
31 .69
116.46
30.37
101.23
30.42
130.36
27 .98
143.82
Mean
L a te n e s s
Mean
V arian ce
-5 .8 7
55 .48
-8 .2 0
64.48
-3 .8 1
5 2 .3 0
0.52
120.39
- 2 .3 0
83 .94
-5 .1 3
75.35
-9 .8 9
17,97
-1 0 .4 6
24 ,70
-1 0 .1 7
21.51
-1 2 .9 7
22 .00
S td .  Dev. 
L a te n e s s
Mean
V arian ce
37.52
323.85
34 .93
342 .36
4 3 .4 0
442 .19
5 5 .8 8
742.60
4 7 .1 7
62.86
4 5 .1 5
4 5 7 .7 0
25.97
87 .39
24.31
71.20
24.11
93 .26
23.19
85 .67
Mean
T a rd in e s s
Mean
V arian ce
9 .09
40 .61
8 .18
50.52
11.03
4 2 .0 0
15.07
108.37
12.51
62 .86
10.79
59 .86
4 .8 1
11.89
4 .3 8
12.27
4 .3 5
13.27
3 .53
12.29
S td ,  Dev. 
T a r d in e s s
Mean
V arian ce
30.51
369 .50
27 .15
388.25
3 6 .4 4
493 .65
4 9 .7 6
777.31
4 0 .3 6
596.33
3 8 .4 6
493 .55
17.84
116.15
15.91
103.65
15.70
134.89
13.65
131.04
TABLE 33 (Continued)
T rea tm en t
P e rfo rm an ce
Measure S t a t i s t i c 3321 3322 3323 3324 3331 3332 3333 3334 4111 4112
Machine
U t i l i z a t i o n
Mean
V a r ia n ce
9 1 .10
16.03
91 .16
20 .15
91 .14
2 4 .2 8
9 1 .1 9
16 .99
91.57
17.62
9 1 .3 6
2 6 .0 0
91.52
21 .35
91.53
19.82
87.88
15.65
87 .96
14.42
In v e n to ry  
by Count
Mean
V a r ia n c e
46 .28
136.03
48 .17
144.63
4 3 .92
117.80
4 1 .3 3
78 .88
4 9 .1 7
161.05
4 7 .41
133.00
4 6 .98
140.10
45 .28
126.18
66 .44
191.08
66 .46
174.87
In v e n to ry  
by C o n t e n t .
Mean
V ar ia n ce
175.33
1960.68
181.95
2276.76
167.36
1654.90
157.49
1335.92
189.46
2549.17
179.44
2273-67
176.22
2138.00
172.44
1743.38
162.12
796.03
162.13
569.43
Mean
Flow Time
Mean
V aria n ce
3 8 .40
213.62
39.32
117.07
35 .33
122.73
3 3 .0 9
102.31
41 .97
174.81
3 8 .1 0
129.99
39.19
120.11
3 5 .8 0
122.21
52 .16
123.03
51.95
128.83
S td .  Dev. 
Flow Time
Mean
V arian ce
55 .44
1420.76
54.05
435 .36
4 4 .9 9
379 .45
4 1 .8 5
353.61
61.28
942 .67
50.98
476 .50
54.01
533.58
49.12
504.06
32 .29
22 .20
32.01
16.08
Mean
L a te n e s s
Mean
V aria n ce
-1 .2 8
167.35
-0 .4 2
8 1 .6 0
-4 .3 4
8 5 .5 4
-6 .5 8
70 .23
2 .1 0
136.62
-1 .8 0
93.95
-0 .7 1
91.98
-4 .1 0
90 ,56
13.24
114.51
13.03
116.92
S td .  Dev. 
L a te n e s s
Mean
V ar ia n ce
50 .59
1487.48
48 .87
465.11
4 0 .2 4
396.13
37 .32
368.92
55 .34
982 .54
45 .45
499 .78
45 .58
562.47
44 .40
522.22
13.43
20 ,76
13.12
17.34
Mean
T a rd in e s s
Mean
V ar ia n ce
12.88
148.17
13.25
68 .36
10.25
60 .26
9 .0 6
5 0 .1 3
16.12
115.78
12.40
72.68
13.59
73.97
11.40
70.64
15.31 
78 93
15.19
78.27
S td .  Dev. 
T a rd in e s s
Mean
V arian ce
4 4 .29
1569.61
4 2 .79
511.87
33.37
457 .15
2 9 .9 0
427 .73
4 9 .0 0
1031.84
38 .78
55.78
41 .92
608.16
37.41
568.35
11.02
28 .00
10.65
23.11
TABLE 33 (Continued)
Treatment
Performance
Measure S t a t i s t i c 4113 4114 4121 4122 4123 4124 4131 4132 4133 4134
Machine
U t i l i z a t i o n
Mean
Variance
87 .7*
16.33
8 8 .3 0
19.23
8 9 .4 5
1 2 .6 0
89 .75
13.79
8 9 .5 0
12.09
8 9 .9 0
12.43
89.85
12.55
89.95
15.12
90,01
12.66
90.41
11.44
Inventory  
by Count
Mean
Variance
63 .80
175.37
62.27
157.17
52 .23
191.31
55.42
2 48 .30
4 8 .7 8
173.58
4 8 .83
177.41
58.01
194.49
61.45
255.55
5 9 .28
245.23
56.56
227.13
Inventory  
by Content
Mean
Variance
160.04
802 .80
158.38
767.47
117.32
279 .27
119.88
454 .77
110.72
263.05
112.93
324.04
123.81
278 .50
131.23
468 .46
128.64
522.48
124.38
438.61
Mean
Flow Time
Mean
Variance
49 .87
116.37
46 .61
103.00
4 2 .4 5
108.90
45 .67
124.55
39.75
89.42
38 .34
85 .09
47 .42
98.25
49 .91
153.75
49.01
124.89
45 .02
110.25
Std .  Dev. 
Flow Time
Mean
Variance
31 .65
17.89
29.92
15.34
24 .77
12 .74
26 .11
14.64
24 .04
12.01
23 .55
12.30
27.32
10.25
27 .99
16.13
27 .95
16.45
26.72
13.80
Mean
Lateness
Mean
Variance
10.95
106.83
7.69
90 .74
2.71
89 .62
5 .93
102.81
0.02
73 .30
-1 .4 0
68 .44
7.52
77.97
10.01
122.82
9 .12
100,60
5.12
86.88
S td .  Dev. 
Lateness
Mean
Variance
12.42
17.62
10 .60
11.12
7 .78
7 .9 9
8 .7 6
12 .90
6.99
4 .41
6.95
4 .8 5
9 .0 6
5 .7 0
9.51
11.08
9 .54
10.76
8 .1 6
8 .07
Mean
Tardiness
Mean
Variance
13.24
68.75
10.43
4 9 .7 1
6 .6 0
37 .13
8 .93
56 .36
4 .6 8
20.87
3 .93
15.30
9 .6 4
4 9 .5 8
12.04
81.88
11.16
66.61
8 .02
45 .57
Std.  Dev. 
Tardiness
Mean
Variance
9.92
2 4 .6 0
7 .81
1 7 .1 0
4 .8 0
15 .44
6 .0 8
22.33
3 .81
10.77
3 .48
9.92
6.62
11.72
7.41
21.22
7 .38
17.89
5 .51
16.14
TABLE 33 (Continued)
Treatment
r e r io r m a n c e
Measure S t a t i s t i c 4211 4212 4213 4214 4221 4222 4223 4224 4231 4232
Machine
U t i l i z a t i o n
Mean
Variance
88.22
15.86
8 8 .3 6
16.08
88 .48
14.77
8 9 ,4 8
10.46
90.34
9 .05
90.83
9 .6 4
90 .46
6 .93
90.78
9.61
90.87
10.71
90.83
12.94
Inventory  
by Count
Mean
Variance
71.82
78.59
71.51
8 9 .15
6 9 .66
73.98
67.67
86 .32
59.32
103.59
56.22
79.45
54.02
101.16
51.18
89.07
65.58
160.46
65 .61
159.04
Inventory  
by Content
Mean
Variance
164.25
521.33
167.72
843 .30
164.27
550 .10
164.69
679.79
130.45
415.71
120 .20
163.22
120.98
205.89
115.87
190.73
139.33
572.99
133.76
401 .76
Mean
Flow Time
Mean
Variance
54 .99
78.79
55 .08
91.61
53.77
75 .80
5 0 .5 0
66.13
47 .39
49 .62
45 .03
29.95
43 .91
30 .54
4 0 .0 6
22.77
53.07
58 .90
53 ,48
51.47
S td .  Dev.  
Flow Time
Mean
Variance
32 .91
11.49
33 .02
14.66
32.17
11.81
31 .15
9 .89
2 7 .7 0
15.03
2 5 .8 0
2 .8 0
25.72
4 .92
24 .34
3 .06
30 .00
11.27
29.53
5 .90
Mean
Lateness
Mean
Variance
16.07
62.35
16.16
71 .20
14.85
56.82
11.58
48 .23
7.66
45 .31
5 .30
19.11
4 .1 7
23.11
0.32
14.00
13.17
47 .58
13,58
40 .04
Std.  Dev. 
Lateness
Mean
Variance
13.42
12 .24
13.56
1 6 .00
12.55
1 2 .06
11.44
9 .2 8
10.54
18 .30
7 .74
2 .4 6
8 .07
4 .2 0
6.52
3 .24
11.59
10.09
10.73
3.77
Mean
Tardiness
Mean
Variance
17.28
49 .82
17.35
5 8 .5 0
16.02
46 .33
12 .99 
3 5 .7 6
9.61
34.12
6 .89
12.65
6~20
14.28
3.17
6.63
14.35
40 .49
14.52
34 .96
Std .  Dev.  
Tardiness
Mean
Variance
11.50
16 .50
11.77
19.53
10 .80
13.29
9 .43
12.27
8 .1 4
21.69
5 ,63
3 .75
5.62
6 .84
3 .5 0
3.88
9 .7 5
12.00
9 .11
5 .27
TABLE 33 (Continued)
T rea tm en t
P e rfo rm ance
Measure S t a t i s t i c 4233 4234 4311 4312 4313 4314 4321 4322 4323 4324
Machine
U t i l i z a t i o n
Mean
V arian ce
9 0 .6 0
9 .18
91.51
10.48
88.57
16.67
88 .94
21.63
88 .56
17.96
89 .48
10.42
91 .30
9 .2 9
91.21
11.34
91.20
14.01
9 1 .4 0
6.96
I n v e n to ry  
by Count
Mean
V arian ce
61.83
155.73
5 9 .9 0
157.03
72.21
97 .29
72.44
93 .74
69 .94
93 .38
67 .90
91.25
60,82
172.51
61.65
113.57
54.32
123.10
53 .84
106.98
In v e n to ry  
by C o n ten t
Mean
V ariance
129.45
332.67
127.56
313 .30
164.91
549.05
172.82
538.50
162.85
572.86
164.35
698.53
126.79
336.65
129.84
230.36
117.85
247.73
120.33
231.64
Mean
Flow Time
Mean
V arian ce
5 0 .4 6
55 .34
4 7 .3 5
4 5 .0 8
55.69
76.28
55 .76
77.09
54 .36
64 .59
50,61
65.73
50 .06
38.27
4 9 .5 6
26.39
44 .51
22.54
4 2 .3 6
21.35
S td .  Dev, 
Flow Time
Mean
V ariance
28.42
6.11
2 7 .4 6
5 .29
32 .80
11.64
32 .94
11.21
3 2 .2 0
12.13
31 .20
10.67
27 .56
7.43
27 .60
6.67
25.91
3 .68
25 .10
4 .2 6
Mean
L a te n e s s
Mean
V ariance
10 .56
4 7 .5 4
7 .4 6
37 .48
16.77
56 .44
16.84
5 7 .3 0
15.44
4 6 .4 7
11.69
47 .47
10.32
29 .59
9.82
18.65
4 .77
14.31
2.62
13.71
S td .  Dev. 
L a te n e s s
Mean
V ariance
9 .7 0
5 .33
8 .51
3 .69
13.09
12.27
13.49
14.07
12.69
12.38
11.59
12.18
10.04
7.37
10.19
6 .95
8.02
2,92
7.35
4 .6 1
Mean
T a rd in e s s
Mean
V arian ce
11.80
3 7 .4 0
8 .9 6
27 .48
17.76
4 8 .3 7
17.82
52 .14
16.38
42 .02
13 .00
38.55
11.60
23 .38
11.12
16.13
6.53
9 .85
4 .8 3
8 .33
S td .  Dev. 
T a rd in e s s
Mean
V ar ia n ce
7 .90
7 .57
6.42
6 .33
11.47
13.04
11.88
14.68
11.12
12.45
9 .6 8
13.95
8.15
7,82
8 .2 0
7.07
5 .74
3 ,39
4 .7 5
5 .24
P erfo rm ance
Measure S t a t i s t i c 4331 4332 4333
Machine
U t i l i z a t i o n
Mean
V arian ce
91.05
17.07
91.13
11.23
91.08
11.51
In v e n to ry  
by Count
Mean
V arian ce
69.07
173.89
68.33
205.02
65 .90
183.94
In v e n to ry  
by C on ten t
Mean
V arian ce
142.55
384.31
137.15
514.81
132.74
365.41
Mean
Flow Time
Mean
V ariance
55 .46
68 .65
55.98
59 .66
53.91
49 .o7
S td .  Dev. 
Flow Time
Mean
V arian ce
30.43
9 .43
30 .10
6.15
29 .29
6.71
Mean
L a te n ess
Mean
V arian ce
15.56
64,99
16.08
49 .39
14,01
44 .61
S td .  Dev. 
L a te n ess
Mean
V arian ce
11.96
10.31
11.44
7.34
10.41
5.47
Mean
T a rd in e s s
Mean
V arian ce
16.60
56.71
16.92
43 .55
14.85
38 .53
S td .  Dev. 
T a rd in e s s
Mean
V arian ce
10.21
12.89
10.02
7.33
8 .9 6
7 .06
33 (Continued)
Treatment
4334 5111 5112 5113 5114 5121 5122
91 .41
10.46
87 .73
12.21
88 .34
14.88
87.91
15.77
88 ,50
15.96
89,07
19.90
8 9 .46
16.52
60.61
150.28
64 .76
185,83
64.97
154.67
63.01
160.03
61.72
161.16
51.65
190.17
54 .44
272.02
128.53
284 .38
153.93
666.01
1^4.56
641.06
151.22
600.16
147.25
579.86
113.34
357.79
116.13
460.35
47 .93
37 .24
51.07
124.06
51.13
122,10
49 .75
106.72
46.62
103.86
4 1 .24
115.44
4 5 .08
146.01
27 .52
4 .5 3
32 .99
17.99
33.07
17.46
32.61
17.56
31.36
18.36
2 5 .70
20.25
27.11
20.47
8 .03
28 .49
12.15
108.36
12.21
105.73
10.83
90 .70
7 .70
90,58
1 .50
94.96
5 .3 4
119.83
8 .5 0
3 .5 6
13.54
14.49
14.01
16.46
13.18
13.42
11.89
10.05
8 .59
10.12
9 .7 6
11.62
9 .2 8
22.42
14.39
68.66
14.58
67.84
13.10
59.15
10.63
49 .48
6 .04
36.91
9 .05
57.22
6.67
4 .6 4
11.11
23 .98
11.32
22 .64
10.61
20.87
8 .7 8
19.76
5 .36
19.90
6.91
22 .68
195
TABLE 33 (Continued)
Trea tment
P e r fo ro a n c e
Measure S t a t i s t i c 5123 5124 5131 5132 5133 5134 5211 5212 5213 5214
Machine
U t i l i z a t i o n
Mean
V arian ce
89.55
13.69
89 .98
12.95
89 .93
9.31
90 .25
13.27
89.82
13.78
90.47
10.56
88.68
14.64
88 .46
16.78
88 .74
20 .19
89 .18
12.73
In v e n to ry  
by Count
Mean
V arian ce
51.58
170.58
49 .17
185 .60
64.77
254.67
61.37
299 .50
57 .89
213,02
54 .24
209.71
70.08
77.58
72.44
89 .19
68.58
58.21
64.74
76.81
In v e n to ry  
by C on ten t
Mean
V arian ce
109.63
219.42
107.70
235 .35
135.91
618 .94
127.17
469 .98
121.91
408 .64
118.02
384 .46
157.94
704.21
159.45
419 .91
159.96
519.16
154.82
633.17
Mean
Flow Time
Mean
V arian ce
41 .98
85 .99
39.01
8 2 .79
52.67
169.72
51.09
157.98
4 7 .41
113.58
43 .10
103.26
53.61
81 .95
55.41
100.81
52.36
77.58
4 7 .80
65.00
S td .  Dev. 
Flow Time
Mean
V ariance
25.92
13.00
2 4 .73
13.10
31 .04
24 .26
30 .49
22 .19
29 .04
16.42
27.49
16.78
33.79
12.10
34.31
15.02
33.22
13.43
31.66
11.35
Mean
L a te n e s s
Mean
V arian ce
2 .2 4
69 .50
- 0 .7 3
65.75
12.77
144.31
11.19
127.74
7.52
90 .84
3 .20
80 .05
14.69
58.01
16.49
80.01
13,44
55.59
8 .88
44 .28
S td .  Dev. 
L a te n e s s
Mean
V arian ce
8 .58
6.52
7 .73
4 .4 7
12.92
19.61
12.01
16.65
10.51
9 .62
9.11
8 .7 4
13.97
11.69
14.68
12.93
13.30
13.00
11.86
9 .66
Mean
T a rd in e s s
Mean
V arian ce
6 .12
26.28
4 .3 0
15.76
15.08
100.35
13.36
90 .08
10.05
54.92
6 .95
34 .24
16.08
46 .42
17.97
61.58
14.84
4 4 .74
10.88
30 .07
S td .  Dev. 
T a rd in e s s
Mean
V ariance
5 .45
14.19
4 .2 5
11.27
10 .50
27 .98
9 .75
26 .18
7 .90
17 .90
5 .9 4
17.46
12.05
14.07
12.65
16,56
11,31
15.11
9 .36
11.75
TABLE 33 (Continued)
T rea tm en t
P e rfo rm ance
Measure S t a t i s t i c 5221 5222 5223 5224 5231 5232 5233 5234 5311 5312
Machine
U t i l i z a t i o n
Mean
V aria n ce
9 0 .65
8 .6 0
90.67
11.59
91 .04
8 .08
9 1 .0 8
10 .20
91 .05
7.91
91.39
9.61
91.17
8 .25
9 1 .4 0
9 .26
88.32
17.53
88 .96
18.43
In v e n to ry  
by Count
Mean
V aria n ce
57 .25
70.22
5 4 .90
58.17
54,77
9 9 .49
5 0 .48
73.63
65 .58
116.54
66.58
94.43
63.19
145.45
58.55
112.95
69.03
92.73
73.37
111.38
In v e n to ry  
by C on ten t
Mean
V ar ia n ce
121,51
331 .86
116.42
126.56
117,27
170.21
112.19
136.83
128.48
286 .78
134.56
305.43
127.69
336.16
122.41
253.62
160.25
525.57
163.86
528.87
Mean
Flow Time
Mean
V arian ce
45 .12
37 .94
4 3 .6 5
24 .12
4 4 .3 0
29 .79
3 9 .1 4
23 .32
52 .24
54 .69
52.79
42 .12
51.27
51.39
45 .63
42 .71
53.31
71.35
57.31
83 .60
S td .  Dev. 
Flow Time
Mean
V arian ce
27.62
8 .8 4
26 .74
3 .5 0
2 7 .1 4
4 .5 1
25 ,41
3 ,9 7
30 .64
8 .3 4
38.87
5 .78
30.42
7.38
28.31
6.09
34.21
12,51
35.31
13.71
Mean
L a te n e s s
Mean
V arian ce
5 .3 8
28 .12
3 .92
13 .54
4 .5 7
20 .73
*0 ,59
13 .76
12.34
4 4 .9 9
12.89
30.67
11.37
4 0 .3 9
5 .73
33.03
14.39
50.79
18,39
58.19
S td .  Dev. 
L a te n e s s
Mean
V a r ia n ce
9 .8 4
9 .3 2
8 .91
2 .15
9 .35
3 .8 6
7 .8 4
3.22
11.36
5 .0 4
11.74
4 .2 1
11.18
4 .73
9.29
2 .93
14.34
11.59
15.42
14 .16
Mean
T a rd in e s s
Mean
V a r ia n ce
7.58
19.93
6 .16
7 .9 5
6 .82
12 .41
3 .2 4
5 .0 0
13.55
34 .88
14.00
25 ,10
12.66
31.37
7 .79
19.84
15,79
4 1 .5 4
19.47
51.57
S td .  Dev. 
T a rd in e s s
Mean
V arian ce
7 .25
10.64
6 .20
3.02
6.72
5 .65
4 .2 6
4 .2 2
9 .62
7 .46
10.08
5.32
9.41
7 .26
6 .84
5 .66
12.42
13 .40
13.74
14.22
TABUS 33 (Continued)
T rea tm en t
P e rfo rm ance
Measure S t a t i s t i c 5313 5314 5321 5322 5323 5324 5331 5332 5333 5334
Machine
U t i l i z a t i o n
Mean
V arian ce
88 .63
15 .30
89 .74
13.35
91.33
12.09
91.45
14 .40
91 .15
10.53
91.25
10,97
90.86
12.65
91 .00
15.10
90.91
13.51
9 1 .60
10.74
In v e n to ry  
by Count
Mean
V a r ia n ce
69.82
84.27
67.52
105.43
57.03
107.89
59 .61
140.58
56 .09
121.03
5 3 .09
105.06
6 6 .60
149.14
67.53
200 .74
65.63
147.88
59.57
159.51
In v e n to ry  
by C o n ten t
Mean
V ar ia n ce
161.36
633,31
155.99
628,62
119.60
202 .00
125.84
297 ,06
116.59
219 .31
114.76
154.88
132.53
336.78
130.92
354.17
129.12
306.99
122.67
262.49
Mean
Flow Time
Mean
V arian ce
54.01
67 .44
50.52
68.95
4 5 .9 6
27.03
48 .75
28.32
4 5 .8 9
2 8 .0 8
4 1 .99
2 0 .85
53.68
46.61
55.48
5 0 .36
52.91
44.47
4 7 .5 9
36 .76
S td .  Dev. 
Flow Time
Mean
V arian ce
34 .18
12.64
32.77
11.64
27.61
4 .7 8
2 8 .8 8
5 .51
2 7 .4 6
3 .9 6
26 .24
3 ,74
31 .29
7.75
31 .74
5 .70
30 .69
5 .56
29.15
5 .7 4
Mean
L a te n e s s
Mean
V arian ce
15.09
42 .42
11.60
4 8 .3 5
6.22
15.35
9 .01
15.45
6.15
17.11
2 .25
11.39
13.78
37.22
15.58
41 .73
13.01
36 .30
7 .70
28 .05
S td .  Dev. 
L a te n e s s
Mean
V ar ia n ce
14.27
12.14
12.80
10.61
9.91
4 .0 1
11 .20
6.17
9 ,53
3 .5 9
8 .4 8
3 .3 4
12.24
6 .80
12.81
3 .65
11.62
5 .00
10.06
3 .02
Mean
T a rd in e s s
Mean
V arian ce
16.34
38 .33
13.24
36.32
8 .11
10.81
10.61
12.28
7.92
11 .16
4 .8 9
6.81
14.8$
30.77
16.65
34.86
14,13
2 9 .9 0
9.37
19.24
S td .  Dev. 
T a rd in e s s
Mean
V arian ce
12.33
12.72
10.57
12.97
7.51
4 .4 0
9 .02
6 .57
7.31
4 .8 3
5.53
4 .02
10.59
8 .16
11.17
4 .85
9 .93
5 .93
7 .79
5.45
GLOSSARY
199
200
Dynamic shop: A shop In which Jobs I n t e r m i t t e n t l y  a r r i v e  to  be p ro ­
c e s s e d  .
Dynamic s l a c k  s c h e d u l in g  r u l e  (DSLACK): Of the job s  w a i t i n g  a t  a
p a r t i c u l a r  machine,  h i g h e s t  p r i o r i t y  i s  g iv e n  to  the  Job for  which  
the time remain ing to  due d a t e  l e s s  the remain ing p r o c e s s i n g  time  
i s  a minimum.
F i r s t  come, f i r s t  served  s c h e d u l i n g  r u l e  (FCFS): Of the job s  w a i t i n g
at  a p a r t i c u l a r  machine,  the f i r s t  a r r i v a l  in  the  queue r e c e i v e s  the  
h i g h e s t  p r i o r i t y .  P r i o r i t y  v a l u e s  are a s s ig n e d  in a s t r i c t l y  d e c r e a s ­
ing sequence to  Jobs as they a r r i v e .
F i r s t  in  the sy s tem ,  f i r s t  served  s c h e d u l in g  r u l e  (F IS F S ) : Of the jobs
w a i t i n g  a t  a p a r t i c u l a r  machine,  h i g h e s t  p r i o r i t y  i s  a s s ig n e d  to  
the Job with  the e a r l i e s t  a r r i v a l  t im e .
Flow time: Time r eq u ir ed  to  complete  a l l  o p e r a t i o n s  on a Job, Defined
as  the d i f f e r e n c e  o f  c o m p le t io n  time l e s s  a r r i v a l  t im e .
I n v e n to r y  by c o n te n t :  A work in  p r o c e s s  measure d e f in e d  as the sum o f
p r o c e s s i n g  t im es  o f  a l l  Jobs in  the  shop.
I n v e n to r y  by count:  Work in  p r o c es s  measure d e f in e d  as  the number o f
Jobs in  the shop.
Job: The product  th a t  a r r i v e s  at  the  shop to  be p r o c e s s e d .  A Job can
c o n s i s t  o f  a s i n g l e  u n i t  o f  a product or a batch ( l o t )  o f  i d e n t i c a l  
u n i t s .
Job route ;  The Job route  i d e n t i f i e s  the  machine c e n t e r s  t h a t  are
req u ired  to  complete  a Job. A d d i t i o n a l l y ,  the Job rou te  s p e c i f i e s  
the  precedence  r e l a t i o n s  o f  the r eq u ir ed  c e n t e r s .
Job seq uenc ing:  Job seq u en c in g  de term ines  the  order  in  which a s e t  of
jobs  i s  p r o c e s s e d  a t  a p a r t i c u l a r  machine.  In t h i s  d i s s e r t a t i o n ,  
the terms s c h e d u l in g  r u l e ,  s eq u en c in g  r u l e ,  and d i s p a t c h i n g  r u le  a l l  
r e f e r  to  the procedure  employed to  sequence Jobs a t  a p a r t i c u l a r  
machine.
Lap p h as in g :  R e fer s  to  the  p r a c t i c e  o f  o v e r la p p in g  o p e r a t io n s  by s t a r t ­
ing the n ex t  o p e r a t i o n  on the f i r s t  u n i t s  completed in  a l o t  be fore  
the  c u rren t  o p e r a t io n  i s  completed on a l l  u n i t s .
L a te n e ss :  Def ined as  the  d i f f e r e n c e  o f  co m p le t ion  time l e s s  th e  due
d a t e .  P o s i t i v e  v a l u e s  r e p r e s e n t  c o m p le t io n  behind sch ed u le  w h i le  
n e g a t i v e  v a l u e s  are a s s o c i a t e d  w i th  e a r l y  c o m p le t io n .
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Lot s p l i t t i n g :  The p r a c t i c e  o f  d i v i d i n g  a l o t  In to  s u b s e t s  and then
p r o c e s s i n g  each s u b s e t  as  i f  i t  were an i n d i v i d u a l  jo b .
Operation:  The work to  be performed on a Job a t  a p a r t i c u l a r  machine
c e n t e r .
P r o c e s s i n g  t im e;  Time req u ired  to  complete  an o p e r a t i o n .  This  can
Inc lude  move time from one machine c e n t e r  t o  the n e x t  as w e l l  as any 
s e t  up time r e q u ir e d .
Pure f low shop: A shop in  which a l l  Jobs f o l l o w  the same f i x e d  r o u t e .
Pure job shop: A shop In which the p r o b a b i l i t i e s  o f  a Job go ing  to
another  machine or  out  o f  the shop are e q u a l .
Shop: A group o f  machine c e n t e r s  where each c e n t e r  p o s s e s s e s  unique
p r o c e s s i n g  c a p a b i l i t i e s .  There may be one or more machine c e n t e r s  
and each c e n t e r  may c o n t a i n  one or more i d e n t i c a l  machines .
S t a t i c  shop: A shop in  which a l l  Jobs and job c h a r a c t e r i s t i c s  are a v a i l ­
a b le  and known a t  the b e g in n in g  o f  the s c h e d u l i n g  p e r i o d .
S t a t i c  s l a c k  s c h e d u l in g  r u l e  (SSLACK): Of the Jobs w a i t i n g  a t  a p a r t i c u ­
l a r  machine,  h i g h e s t  p r i o r i t y  i s  g iv en  to  the job fo r  which the time
rem aining  to  due date  i s  a minimum.
T a rd in e ss :  P o s i t i v e  v a l u e s  o f  the  l a t e n e s s  measure.  Thus, t a r d i n e s s
v a l u e s  r e p r e s e n t  o n ly  c o m p le t io n  behind s c h e d u le .
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